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This report  describes the  mechanics o f  surface runoff on a 
laboratdry watershed as simulated by two mathematical models: the  
dynamic wave model and the kinematic wave model. Each of these two 
simutation mode 2s consis ts  o f  a pair of  one-dimensional spa t ia l ly  varied 
unsteady flow equations tha t  are derived from the principles of  conser-
vat ion of mass and momentwn. I n  the dynamic wave model, the  S t .  Venant 
fonn of  both the continuity and momentwn equations i s  used; whereas i n  
the kinematic wave model, only the  continuity equation i s  retained i n  
i t s  d i f f e r en t i a l  form and an upproscimation t o  the momentwn equation i s  
employed. Nwnerical so lu t ion  o f  these quasi- l inear  partial  d i  fferen- 
t i a l  equations describzng the  f low  i s  attained on computer by adopting 
an e x p l i c i t  character is t ic  method. Laboratory flow data are used t o  
ve r i f y  the va l id i t y  of  the analytical  models and t o  evaluate t h e i r  
appl icabi l i t i es  . For the cases t es ted ,  fa i r ly  good agreement was 
found between the computed and measured re su l t s  with the dynamic wave 
model being consis tent ly  more sat is factory  and also less  sens i t i ve  t o  
the f r i c t i on  factor than the kinematic wave model. m e  relationships 
between peak discharges and rainfa2 Z i n t ens i t y ,  rainfal  Z duration, 
watershed surface s lope and surface roughness are also investigated 
by using the dynamic wave model. 
For extension and application of the  mathematical simulation, 
the analy t i c a l  models are employed t o  predict runoff hydrographs from 
conceptual drainage basins tha t  contain several sub-basins, wi th  each 
sub-basin resembling the laboratory watershed. A streamflow routing . 
technique i s  developed to  integrate  outf  low hy drographs from these 
sub-basins and i n  the case of dynamic wave model, t o  incorporate the 
backwater e f f e c t  a t  the point type Y- junctions. The computed flow 
pro f i l es  and runoff hydrographs a t  various locations are found t o  be 
reasonably agreeable wi th  respect t o  the physical condition. m e  
re su l t s  aZso indicate the importance of the backwater e f f e c t  i n  at-  
tenuating flood waves i n  the channels. With the exception of- dealing 
wi th  t h e  problem of moving hydraulic jwnps i n  the channels, the flood 
routing and basin reduction schemes developed i n  t h i s  study are 
applicab Ze t o  complex drainage basin systems. 
The dynamic wme model described i n  t h i s  report i s  called the 
IZZinois Hydrodynamic Watershed Model TV ( I HW  Mode E I V )  . This Idode2 
i s  a par t ia l  r e su l t  of a continuing research directed by Ven Te Chow 
a t  the University of I l l i n o i s  . Other hydrodynamic watershed mode 2s 
produced by t h i s  research include the I l l i n o i s  Hydrodynamic Watershed 
Model I ( I HW  Model Ij, IHW Modei 11 and IBW igodei in. Th.e IEiJ i nuoae' 'L 
I i s  a crude model using one-dimensional hydrodynamic equations 
developed i n  the early stage of t h i s  research. This model has now been 
superseded by I H W  Mode2 11 with a much more comprehensive solut ion 
of the one-dimensional hydrodynamic equations. The I H W  Model I V  i s  a 
practical  version of t h i s  one-dimensional hydrodynamic mode 2. rhe 
I H W  Model 111 uses two-dimensional hydrodynamic equations and it i s  
reported i n  "The I l l i n o i s  Hydrodynamic Watershed Model 111 ( I HW  
Model I I I )" by Ven Te Chow and ~ & e  Ben-Zvi, Civ i l  Engineering Studies, 
Hydraulic Engineering Series No. 26,  University of I l l i n o i s  a t  Urbana-
Omnpaign, Urbana, I l  l ino is ,  September 1973. 
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= c ross - sec t iona l  a r e a  of f low 
= t o t a l  watershed a r e a  
= cons tan t  (Eq. 74) 
= fn, i n d i c a t i n g  f r i c t i o n  r e s i s t a n c e  
flow (Eq. 8 )  
= forward c h a r a c t e r i s t i c  
= backward c h a r a c t e r i s t i c  
= wave c e l e r i t y  
= hydrau l i c  depth 
for laminar 
= sum of some terms i n  momentum equat ion  (Eq. 1 9 )  
= Frsoude number 
= Darcy-Weisbach f r i c t i o n  f a c t o r  
= g r a v i t a t i o n a l  a c c e l e r a t i o n  
= depth of  flow 
= i n i t i a l  depth of flow 
= depth of c en t ro id  of flow a r e a  
= : .  i n f i l t r a t i o n  : r a t e  
= r ecess ion  cons tan t  
= roughness s i z e  of su r f a ce  t e x t u r e  
= channel length  
= parameter (Eq. 6 )  
= cons tan t  (Eq. 74) 
= discharge  
= equ i l ib r ium discharge  
= peak d i scha rge  
= d i scha rges  i n  r e c e s s i on  part of  
hydrograph ( E q .  7 2 )  
= l a t e r a l  in f low 
= hyd r au l i c  r ad i u s  
=. Reynolds number 
= r a i n f a l l  i n t e n s i t y  
= channel  s l o p e  
= f r i c t i o n  s l o p e  
= remaining s t o r a g e  i n  watershed 
= f r e e  s u r f a c e  width  
= t ime 
= i n i t i a l  t i m e  of  f low 
(Eq. 7'3)  
= t i m e  of occurrence of peak d i scha rge  
- . ~ ~ h lm n ;  CYT=f l a t e r a l  inflowVCAVLL LY  
= h/yn 
= c ro s s - s e c t i ona l  mean v e l o c i t y  of f low 
- :-," L: - 7  w v - 1  LI. -4= . C l - - -- A <
- A L L L L A ~ LVIJIULILY UI IAUW 
= sum of l a t e r a l  in f lows  (Eq. 1 4 )  
= d i s t a n c e  a long d i r e c t i o n  of flow 
= normal depth 
= c r i t i c a l  depth 
= water  s u r f a c e  e l e v a t i o n  
= parameter (Eq. 6 )  
= momentum c o e f f i c i e n t s  f o r  main f low,  r a i n -
f a l l  and l a t e r a l  in f low,  r e spec t i v e l y  
= ang le  o f  i n c l i n a t i o n  of channel  bed 
= ang l e  o f  r a i n f a l l  w i t h  v e r t i c a l  d i r e c t i o n  
= ang l e  of  i n t e r s e c t i o n  of l a t e r a l  i n f low w i t h  
main f low 
= t e rm ina l  v e l o c i t y  of r a i nd rop s  








Runoff is a major component process of the hydro- 
logical cycle that is closely related to human activities. 
It is the result of precipitation which reaches the surface 
streams of a drainage basin. From a hydrologic point of 
view, the runoff phenomenon is the product of the combined 
influences of various climatic factors and of physical char- 
acteristics of the basin. As a result of the complex inter- 
actions among these variables, it is usually difficult to 
isolate precisely the quantitative effect of each variable. 
However, in the hydrologic analysis and design, it is often 
necessary to determine the relations between rainfall and 
runoff subject to the effects of various influential factors. 
Such relations may then be used ,  say, to predict peak stream 
flows with or without regulation, and to augment water sup- 
plies in the planning and design of a water resources project, 
In the conventional hydrologic approach, a design 

flow is normally estimated by empirical formulas, statisti- 

cal techniques and some simplified system models in which the 

rainfall-runoff relationship is derived from historic events. 

The well-known rational formula (Mulvany, 1851),unit hydrograph 

t h e o r y  (Sherman, 1932) and v a r i o u s  r e g r e s s i o n  models ( P o t t e r ,  
1961;  Kohler  and L i n s l e y ,  1951) a r e  a  few examples. I n  a l l  
t h e s e  lumped-system models mentioned above,  on l y  t h e  r e l a t i o n -  
s h i p  between i n p u t  ( p r e c i p i t a t i o n )  and o u t p u t  ( d i s ch a r g e )  of  
t h e  wa t e r shed  a r e  of  concern .  The n a t u r e  of t h e  runo f f  pro-
c e s s  i n s i d e  t h e  wa te r shed  i s  o f t e n  beyond c o n s i d e r a t i o n .  
Th i s  approach t h e r e f o r e  p rov ide s  l i t t l e  i n  t h e  way of  under-
s t a n d i n g  t h e  hyd ro l og i c  e v en t s .  Neve r t h l e s s ,  s i n c e  hydrolo-  
g i c  r e c o r d s  a r e  u s u a l l y  s h o r t  and s c a r c e ,  t h e  p r o j e c t i o n s  made 
by t h e s e  methods t o  c o nd i t i o n s  t h a t  a re  beyond t he  r ange  of 
obse rved  d a t a  would i n e v i t a b l y  i nvo l v e  g r e a t  u n c e r t a i n t y .  
A s  a consequence,  b e t t e r  methods have c o n s t a n t l y  been sough t  
t o  s o l v e  p r a c t i c a l  problems i n  hydrology.  
During t h e  p a s t  few y e a r s ,  t h e  mechanics of  wa t e r  
movement over  a wa te r shed  ha s  r e c e i v ed  i n c r e a s ed  attention. 
Recent  advancement i n  hyd ro log i c  methodologies  p e rm i t s  t h e  
i n v e s t i g a t i o n  of  watershed f low t o  r e p l a c e  t h e  lumped-system 
approach w i t h  expe r imen t a l  and t h e o r e t i c a l  p rocedures  t h a t  
a r e  developed on t h e  b a s i s  of  sound hydrodynamic p r i n c i p l e s  
and known p hy s i c a l  c h a r a c t e r i s t i c s  of t h e  b a s i n s .  I n  p a r t i -  
c u l a r ,  t h e r e  ha s  been a renewal  o f  i n t e r e s t  i n  t h e  numer ica l  
s imu l a t i o n  of hyd ro log i c  p roce s se s  i n  r e c e n t  y e a r s .  Th i s  i s  
p r im a r i l y  t h e  r e s u l t  of t h e  adven t  of t h e  d i g i t a l  computer ,  
which g r e a t l y  f a c i l i t a t e s  t h e  numer ica l  computa t ion .  Conse-
q u e n t l y ,  a t t emp t s  have been made t o  s o l v e  numer i ca l l y  t h e  
mathemat ical  equa t ions  d e s c r i b i ng  t h e  s u r f a c e  runof f  i n  a  
wate rshed;  such a s o l u t i o n  was n o t  p o s s i b l e  w i t hou t  a l a r g e  
computer. The g ene r a l  i n t e n t i o n  of t h e  p r e s e n t  s tudy  i s  t o  
deve lop  and e v a l u a t e  such models a s  would make b e s t  u s e  of 
t h e  a v a i l a b l e  computer technology t o  t h e  s o l u t i o n  of  su f -
f a c e  runoff  problems, 
1 . 2  Obj e c t i v e  and Scope 
The t o t a l  runoff  from a  watershed may be consid-  
e r e d  t o  comprise t h r e e  p o r t i o n s ;  s u r f a c e  r u n o f f ,  subsu r f ace  
r u no f f ,  and ground water  flow. I n  p r a c t i c e ,  most runof f  pro-
blems d e a l  mainly w i th  d i r e c t  runoff  which inc ludes  t h e  
f l o w s  
l y  t r e a t e d  s e p a r a t e l y  because they  a r e  i n h e r e n t l y  d i f f e r e n t  
t ype s  of wate r  t r a n s p o r t  p rocess .  The p r e s e n t  s tudy  w i l l  con-
s i d e r  on ly  t h e  problem of s u r f a c e  r uno f f .  
The main o b j e c t i v e  of t h i s  r e s e a r ch  i s  t o  develop 
mathemat ical  models s imu l a t i ng  t h e  mechanics of  s u r f a c e  run- 
o f f  on a l abo r a t o ry  watershed and t o  extend t h e  a n a l y t i c a l  
s o l u t i o n  t o  conceptua l  d r a i n age  b a s i n  systems.  Numerical simu- 
l a t i o n  of t h e  f low cond i t i on s  i s  a t t a i n e d  by s o l v i n g  t h e  com-
p l e t e  form of one-dimensional s p a t i a l l y  v a r i e d  unsteady flow 
equa t ions  t h a t  a r e  de r ived  from t h e  p r i n c i p l e s  of  conse rva t ion  
of mass and momentum which form t h e  dynamic wave theo ry .  The 
k inema t i c  wave t h eo ry ,  which n eg l e c t s  t h e  dynamic wave t e r m s  
i n  t h e  momentum equa t ion  b u t  r e t a i n s  t h e  d i f f e r e n t i a l  form 
of  t h e  c o n t i n u i t y ,  i s  a l s o  used t o  model t h e  watershed r uno f f .  
The l a bo r a t o r y  model used i n  t h e  experiments c o n s i s t s  mainly 
of an  impervious watershed t h a t  has  a r e c t angu l a r  channel  i n  
t h e  middle  d i v i d i n g  two over land  flow p l anes .  Raindrops a r e  
produced over t h e  l abo r a t o ry  b a s i n  t o  g ene r a t e  r a i n f a l l  of de-
s i r e d  p a t t e r n s ,  
Flow d a t a  ob ta ined  from t h e  l abo r a t o ry  watershed a r e  
used t o  v e r i f y  t h e  v a l i d i t y  of t h e  models and t o  eva l ua t e  
t h e i r  a p p l i c a b i l i t i e s .  For t h e  ca ses  t e s t e d ,  f a i r l y  good 
agreement was found between a n a l y t i c a l  and exper imental  r e -
s u l t s .  The dynamic wave model i s  c o n s i s t e n t l y  more s a t i f -
f a c t o r y ,  and a l s o  l e s s  s e n s i t i v e  t o  t h e  f r i c t i o n  f a c t o r  a s  
compared wi th  t h e  kinemat ic  wave model. I n  t h e  f l ood  r o u t i n g  
s t udy ,  t h e  mathematical  models a r e  app l i ed  t o  conceptua l  d r a i n -  
age b a s i n s  which have been reduced t o  s e v e r a l  subbas ins ,  w i t h  
each subbas in  resembling t h e  l abo r a t o ry  watershed.  A s t ream 
f low r ou t i n g  technique  i s  developed t o  i n t e g r a t e  outf low hy- 
d rographs  from t h e s e  sub-basins and, i n  t h e  c a s e  of dynamic 
wave model, t o  i n co rpo r a t e  backwater e f f e c t  a t  s t ream junc- 
t i o n s .  The f lood  r ou t i ng  and b a s i n  r educ t ion  schemes s o  devel-  
oped a r e  capable  of handl ing t h e  perp lex  t opo log i c a l  condi-  





2 - 1  Historical Review 

The mathematical modeling involves the formulation 

of flow equations that closely resemble the actual runoff 

process and the solution of these equations. Aside from 

the problem of defining the geometry of the flow systems 

to a desired degree of accuracy, it is a very promising 

approach. During the past decade, a large number of mathe- 

matical runoff models have been proposed to investigate the 

rainfall-runoff relationship. Reviewed below are some 

models considered to be closely pertinent to the techniques 

the present study, 

Chen and Chow (1968) developed a mathematical 

model in which the flow equations are formulated by inte-

grating the Navier-Stokes equations over the depth of flow 

and across the channel section. This model was solved by 

the method of characteristics and the results were compared 

with laboratory data (Kareliotis and Chow, 1971). Because 

of the difficulties in locating the intersection between 

overland and channel flows and in the evaluation of flow 

resistance, the comparison was not quite satisfactory. 

Baltzer and Lai (1968) employed an implicit scheme to solve 

the equations of unsteady flow in waterways. Recently, a 

solution method was proposed to deal with quasi-linear dif- 
fusion equations which route runoff from distributed elements 
of drainage basins. A two-dimensional watershed runoff model 
was proposed by Chow and Ben-Zvi (1973) . The numerical solu- 
tion of this model was attained by using a combination of Lax- 

Wendroff scheme with Burstein-Lapidus modification. A com-

parison of various numerical schemes for solving unsteady 

flow problems was made by Sevuk and Yen (1973a). 

Runoff models based on kinematie wave concept have 
also been suggested lately (Wooding, 1965, Brankensiek, 
1967, Kibler and Woolhiser, 1972). Harley, Perkins and 
Eagleson (1970) adopted the kinematic wave model for routing 
flows in catchment elements. A linearized solution of the 
dynamic wave equations was also provided as an alternate 
for cases wnere tne kinematic solution w o u l d  m o t  be appro-
priate. Wei and Larson (1971) proposed a routing model 
using kinematic wave solution for overland flow and full 
equations for channel flow. They utilized this model to 
study, analytically, the effects of areal and time distri- 
bution of rainfall on small watershed runoff hydrographs. 

In most models mentioned above, the basin was 

segmented into several idealized elementary cascades. The 

process of surface runoff was considered to contain two 

phases: the overland flow and the channel flow. Discharge 

leaving the downstream boundary of the overland flow was 

fed laterally into the channel and then conveyed via a 

cascade of streams to the watershed outlet. Such a reduc- 

tion scheme allowed a great simplification of the extremely 

perplex stream network topology. By using such a reduction 

scheme, considerably more input data would be required 

than by employing other alternative such as the Muskingum 

method. However, substantially more reliable and accurate 

results could be obtained correspondingly. 

2.2 Dynamic Wave Equations 

The basic principles governing the mechanics of 

free surface flow are the laws of conservation of mass and 

momentum. Mathematical formulation of the flow equations, 

which are known as the Saint-Venant equations, has been 

well documented (Chow, 1959, 1969; Strelkoff, 1970; Yen, 

1971), and will not be given here. In the present study, 

the £arm of equations derived by Chen and Chow (1968) will 

be closely followed. 

The continuity equation and the equation of motion 





-+ a (AV) 
= rT cos ( 8 Z + $ Z )  - iP cos B Z  + qL (1)
at ax 
+ BETA Sin ( BZ+ @z )  + BLUqL Cos $ 
where x is along the direction of the channel bed having an 
angle inclination from the horizontal; the 
cross-sectional area normal to-the x direction;v is- the mean 
velocity of flow along the x direction; T is the surface width; 
P is the wetted perimeter; qLr  U and Y are the discharge, 
velocity and angle of intersection of the lateral inflow, 
-
with the main flow, respectively; h is the depth of centroid 
of the flow area measured along the vertical direction; and 
g and Sf are the gravitational acceleration and friction 
slope, respectively. The remaining parameters comprise the 
two major groups of factors governing the mechanics of water 
flow in a watershed. They include the physiographic factors: 
the channel slope, = sin 8 the mean soil infiltration So zf 
rate, i; and the precipitation factors: the rainfall in- 
tensity, r;.the terminal velocity, A; and the angle of fall 
with vertical direction, $ Z .  Three momentum coefficients 
( 8 ,  f3,, 6 ) are introduced to account for the cross-sectional L 
nznunif~rmvelscity distributi~nsf ~ rthe main flow, rainfall 

and lateral inflow, respectively. The space-time coordinates 

x and t are chosen as independent variables. A definition 
sketch for the probiem is given in Fig. i. 
the derivation Eqs. and the follow- 
ing important assumptions are made: 
1. 	Gradients of velocity, acceleration and pressure 

normal to the flow are negligible. 






F i g u r e  1. ~ e f i n i t i o nSke t c h  f o r  S p a t i a l l y  Va r i e d  Flow 
3 ,  	 Momentum efflux resulting from seepage 
through surface is negligible. 
4. 	Friction loss is equivalent to that of a 





5. 	Prismatic channel with S = sin 8 . 
0 z 
In the original equations derived by Chen and Chow, 
the effect of raindrop impact is expressed as an over- 
pressure head and linearly added to the pressure term of 
the momentum equation. However, this assumption is not 
adopted here because later investigation (Kareliotis and 
Chow, 1971) showed that such a representation is insufficient. 
More details regarding t h e  derivation of spatially varied 
flow equations and the approximations involved can be found 
in the~eferences mentioned above. 
Eqs. (1) and (2) serve as the basis for a mathe- 
matical simulation of unsteady flow problems. Solution of 
the equations aims to determine the depth and velocity of 
flow as functions of time and space, Thomas (1934) was among 
the first to use the full flow equations for flood routing 
study. Later, Morgali and Linsley ( 1 9 6 5 )  solved these equa-
tions numerically for overland flow. Elsewhere, they have 
been applied to a variety of transient flow problems (Schaake, 
1965; Amein, 1966; Dronkers, 1969; Wei and Larson, 1971; Sevuk, 
1973). 
Several attempts have been made to simplify the 

momentum equation because no analytical solution is obtain- 

able for the full equations (Lighthill and Whitman, 1955; 

Amein and Fang, 1969). While reducing the numerical work 

somewhat, these approaches neglect either the significant 

nonlinear effect or the dynamic nature of the hydrologic 

system. Consequently, in some cases they have been proved 

to be unreliable (Harley, et ale, 1970; Kibler and Woolhiser, 

1972)Szvuk, 1973). The kinematic wave method is among one 

of these approximate approaches. Its theoretical background 

will be given in the following. 

2.3 Kinematie Wave Equations 

This method takes the differential form of the 

continuity equation (11, and an approximation to the moment-.xi 

equation (2). By assuming that the inflow, free surface 

slope, and inertia terms are negligible, Eq. (2) is reduced 

to the relation for a steady uniform flow, that is 

Consequently, the discharge, Q, can be expressed as a func- 

tion of the flow depth when a steady uniform flow formula, 

such as Chezyqs, Manning's, or Darcy-Weisbach?, is used. 

For example, the Darcy-Weisbach equation can be written as 

where f is the Dracy=-Weisbach friction factor, R is the 









in which h is the depth of flow and a and N are parameters. 

By comparing Eq. (5) with Eq. ( 6 )  , one sees that a and N 
are related to the slope, roughness and shape of channel, 

and to the flow regime. A detailed derivation and discus- 

sions of these equations are given by Eagleson (1970). 

This quasi-steady approach, known as the kinematic 

wave method, was developed by Lighthill and Whitman (1955) 

in their study of flood movement in rivers. In fact, the 

term "kinematic wave" was used because only the continuity 

equation is retained in its complete form ts which any wave-

like behavior must comply. The theory was asserted by the 

above two authors for one fact that the kinematic wave 

prevails in the flow that has a Froude number less than 2. 

Through an order of magnitude analysis on some river flow 

data, Eagleson also showed that the omission of dynamic 

wave terms was suitable for overland flow and certain other 

gradually varied flows. 

Owing to its simplicity, the kinematic wave approach 

has been frequently used to solve unsteady flow problems. 

Iwagaki {1455j first employed the method to study overland 

and channel flow hydrographs. In a series of publications, 

Wooding (1965) gave broad discussions on the practical 

application of the theory to catchment runoff problems. 

In recent years, the kinematic wave technique has become 

increasingly popular for watershed runoff simulation 

(Henderson and Wooding, 1965; Brankensiek, 1967; Kibler 

and FToolhiser, 1972) . 
2.4 Evaluation of Flow Resistance 

One of the most common problems involved in the 

solution of the open channel flow equations is the estima- 

tion of flow resistance. This is a complicated problem 

and no theoretical treatment of it has been successful so 

far. Therefore, experimental results are required to deal 

with this problem. The relations between friction coeffi- 

cients and flow characteristics are well established for 

steady uniform flow (Chow, 1959). Yet, only very limited 

studies have been made to investigate the resistance to 

steady spatially varied flow under rainfall conditions 

(Woo and Brater, 1962; Wenzel, 1970; Kisisel, et al., 1971; 

Shen and Li, 1973). Common practice utilizes either Darcy- 

Weisbachk f, Manning's n, or Chezy's C as a measure of the 

friction resistance, although their values are primarily 
established for steady uniform flow only (Yen, 1971). 
In the present study, the Darcy-Weisbach formula is used to 
compute the friction slope, S f ,  i.e. 
Thus, Eq. (7) is equivalent to Eq. (4) with S replaced 

The friction coefficient f, as discussed by Rouse 

(1965), is a function of various parameters characterizing 

the flow conditions and channel geometry. According to 

the regime of flow, f may be roughly estimated by a uniform 

laminar flow equation, Blas i -ss  cr Prandtl'c farmala ( C h cw ,  




turbulent flow on 
smooth surface ( 9 )  
- - 2 loglO 2R + 1.74 turbulent flow on 
f i  rough surface 
in which the Reynolds number lR = vwv ,  v is the kinematic 
viscosity of water, k is the roughness size of the surEace 
texture, and C is a function of channel shape (Chow, 1959). 
It should be apparent that with unsteadiness and raindrop 
impact, the friction factor would be higher than that with 

steady uniform flow. Harbaugh and Chow (1967) suggested 

the use of a conceptual watershed roughness to account for 

the added resistance due to raindrop impact. Laboratory 

studies (Wenzel, 1970; Yoon, 1970; Kisisel et ale, 1971; 

Yen et al., 1972; Shen and Li, 1973) indicated that 

the friction factor tended to increase with rainfall in- 

tensity, channel slope and roughness in the laminar flow 

region. But such changes were observed to be less signifi- 

cant in the turbulent range (Wenzel, 1970). Based on these 
laboratory observations, the present study will utilize 
Eqs. (8), (9) and (10) to estimate the resistance with 
the value of C adjusted to best fit the experimental data. 
It will be demonstrated later that the time distribution 
and volume of runoff are also quite sensitive to the varia- 
tion of the value of @. 
Shown in Fig. 2 is a log-log plot of Eqs. (8), 

(9) and (10). It is noted that the location of Eq. (10) in 
the plot varies with the ratio kyR, which is called the 
relative roughness. Therefore, the critical Reynolds numbers, 
which are obtained by solving any two of the three equations, 
depend on k /R  as well. With given velocity and depth (or 
hydraulic radius) of flow, the actual Reynolds number can be 
calculated. The choice of either one of these three formulas 
F igu r e  2.  Eva lua t i on  0.f the F r i c t i o n  F a c t o r  f 
to estimate the resistance can then be decided by comparing 
the actual Reynolds number with the critical Reynolds 
numbers, Details for the selection of a friction formula 
are given in Appendix A ,  
Chapter 3 

THE LABORATORY WATERSHED MODEL 
Laboratory investigation is an alternative way to 

study hydrologic phenomena when no simple and inexpensive 

theoretical approach is available. It requires the con- 

struction of a model that closely simulates the prototype 

system and that can be operated and observed accurately 

under controlled laboratory conditions. For the study of 

watershed runoff, it is possible to simulate and analyze the 

rainfall-runoff relationship by means of controlled labora- 

tory experimentation. The effect of climatic and physical 

factors on the runoff process can also be isolated readily 

from laboratory measurements. In the present study, however, 

selected experimental runoff data were used to compare 

with the computer results and to evaluate the mathematical 

models. The experiments used in this study were a part of an 

extensive experimental program performed by Shen (1974) and 

reported by Chow and Yen (1973) . 
The earliest experimental work on overland flow 
was probably undertaken by Izzard (1944) . His investigation 
recognized the importance of rainfall effect on flow re- 
sistance. Many researchers have been, at one time or another, 
interested in studying the hydraulics of either open channel 
flow or of overland flow subject to lateral inflow in the 
laboratory (Chery , 1963; Woo and Brater, 1965; Ragan, 1966 ; 
Wenzel, 1970; Yoon, 1970; Larson et al., 1971) . As 
mentioned earlier, watershed flow has been considered to 

comprise an overland phase and a channel phase. Hence, it 

is necessary to examine the combined behavior of both phases 

simultaneously in the watershed runoff study. To facilitate 

such a study, a laboratory model, designated as Watershed 

Experimentation System (WES) was developed and constructed 

at the Department of Civil Engineering of the University 

of Illinois at Urbana-Champaign. Its major components in- 

clude a 40 by 40 foot basin, 400 raindrop producers, water 

storage and distribution facilities, control and measurement 

devices and structural supports. A detailed description of 

the instrumentation system was given by Chow (1968) and 

Chow and Yen (1974). Since the significant hydrologic 

parameters are readily controllable, the WES provides an 

invaluable tool for the analysis of watershed hydrology, 

Figure 3 shows a general layout of the experimental 
facility* ~ ~ l e"L existing drainage basin has a smooth, im-

pervious aluminum surface. The &foot wide channel runs 
through the center of the basin dividing two overland flow 
planes, each having a dimension of 18 ft by 40  ft. For all 
experimental runs, the depth of flow in the channel is small 
so that backwater cannot be extended back to the overland 
flow portion. Two surface slopes, the longitudinal (channel) 




so that the individual effect of each phase can be separated 

Figure  3 .  The Experimental  Watershed 
from the other. By segregating the slopes, the actual flow 
conditions may also be more closely simulated by the one-
dimensional approach. 
It must be noted here that the purpose of using the 

laboratory data is to aid the evaluation of the mathematical 

models. Therefore, only a few experimental runs are selected 

for comparison (Table 1). For all the experimental runs used 

in the present study, the rainfall intensities were stationary 

and uniformly distributed over the entire basin area. The 

study of moving rainstorm is not included. 

Table 1. Experimental Data Utilized 

Rainfall Duration S Used in 
intensity 
' Y Figures 
in /hr see % % cfs 
Chapter 4 





4.1 By Dynamic Wave Equations 

The flow of water in the experimental watershed 

(the WES) may be considered as having two parts: overland 

flow and channel flow, Using the one-dimensional scheme, 

each flow may be simulated by the equations of continuity 

and momentum as presented in Chapter 2. Solutions of these 

two equations, in conjunction with appropriate initial and 

boundary conditions, will give the flow characteristics 

in the watershed. Described in the following is 

the procedure to obtain such solutions. It must 

be pointed out, at the outset, that overland sheet 

flow is generally regarded as a simple type of open channel 
flow for which T = 1, A = R = D = h cos B Z  and q = 0.  Hence,L 

only the modeling of the channel flow needs to be cons'idered 
and the same procedure would be equally applicable to the 
overland flow. Additionally, in order to simplify the 
analysis, infiltration will be neglected (i = 0) and the 
cross-sectional uniform velocity for all flows will be 
assumed (6% = 1). 
4-1.1 Normalization of Flow Equations 

The hydrodynamic equations, Eqs. (1) and (2) can 
$e reduced to the following two equations by assuming i = 0. 
6 = Br = 1, @ z  = 0, 1/, = 90° ,  A = TD = Th cos BZ, dA = 
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cos 8z ax g ~ o sB z  (So - Sf) + 

r A  tan OZ (12) 
in which D is the hy equa-

tions can be treated more generally by using a dimensionless 

representation. Such a representation would also reveal 

the significant parameters governing the flow that could 

-
give a better physical insight to the flow problems. Hence, 
by using L f Vor Do' RoI To, cos Bo and r as reference 
0 0 

quantities, the following dimensionless variables are defined: 
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and So and Soi are the slope of the reach under consideration 

and the reference slope, respectively. 

Equations (14) and (17) form a set of quasi-linear 
hyperbolic partial differential equations (pa  d. e.'s). 
They are termed as quasi-linear because while the partial 
derivatives appear linearly, the coefficients are functions 
of local flow conditions, which, in turn, are nonlinear 
functions of time and space. From the mathematical point of 
view, analytical integration of these partial differential 
equations are too formidable for general solutions. As a 
consequence, attempts have been made to develop numerical 
procedures to solve the equations on a digital computer. 
The numerical solution of the unsteady flow equa- 

tions can proceed in one of two directions. First, the par- 

tial derivatives can be replaced directly with finite- 

difference quotients and then solved on a computer. Second, 

an effost can be exercised to convert the system of partial 

differential equations to an equivalent system of ordinary 

differential equations for which a large body of knowledge 

r ega rd i ng  t h e  e x i s t e n c e ,  uniqueness ,  method of numerical  c a l -  
c u l a t i o n ,  and i t s  r e s u l t a n t  accuracy i s  known, The method of  
c h a r a c t e r i s t i c s ,  which w i l l  be desc r ibed  below, i s  one of t h e s e  
t echn iques  t o  s o l v e  t h e  o rd ina ry  d i f f e r e n t i a l  equa t ions .  
4.1 .2  So lu t i on  by t h e  Explicit Cha r a c t e r i s t i c  Method 
The theory  of t h e  method of c h a r a c t e r i s t i c s  was 
brought  about  by Massau (1889), Courant and F r i e d r i c h s  (1948), 
Cranda l l  (1956) S toke r  (1957) and many o t h e r s .  Recent app l i -  
c a t i o n s  of t h i s  method t o  unsteady flows us ing  a c h a r a c t e r i s -
t i c  computation n e t  were r epo r t ed  by Amein (1966) ,  L i g g e t t  
and Woolhiser  (1967) ,  F l e t c h e r  and Hamilton (1968) ,  and Wylie 
(1970) .  Meanwhile, S t r e e t e r  and Wylie ( 1 9 6 7 ) ,  B a l t z e r  and La i  
(1968), Chen and Chow ( 1 9 6 8 )  and K a r e l i o t i s  and Chow (1970) 
employed a r e c t angu l a r  mesh method of t h e i r  c h a r a c t e r i s t i c  
c a l c u l a t i o n s  of unsteady flow problems, 
I n  t h e  method of c h a r a c t e r i s t i c s ,  t h e  c on t i n u i t y  and 
momentum equat ions are t ransformed into a s e t  of f i r s t  o r d e r  
ordinary d i f f e r e n t i a l  equations, called characteristic equa-
t i o n s .  They r ep r e s en t  t h e  c h a r a c t e r i s t i c  p r o p e r t i e s  of t h e  
o r i g i n a l .  f low equa t ions  t h a t  can be  subsequent ly  i n t e g r a t e d  
by f i n i t e  d i f f e r e n c e  technique.  I n  g ene r a l ,  numerical  methods 
based on c h a r a c t e r i s t i c s  have been r epo r t ed  a s  c ond i t i o n a l l y  
s t a b l e  and convergence i s  good a t  the e a r l y  pe r iod  of f lood-
wave propaga t ion  w i t h  a  smal l  g r i d  i n t e r v a l .  Also,  t h i nk i ng  
s o l u t i o n s  i n  terms of c h a r a c t e r i s t i c s  h e l p s  bo th  t h e  phy s i c a l  
interpretation and examination of the appropriateness of 

various boundary and initial conditions. Although the calcu- 

lation is usually slow,the method of characteristics has been 





Following the procedures used by Streeter and 

Wylie (1967), the derivation of the characteristic equations 

from Eqs. (14) and (17) will be briefly described below. 

Let Eqs. (14) and (17)be represented by two 
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The asterisk has been dropped and the variables are taken as 

dimensionless hereafter unless otherwise specified. Then 

consider a linear combination of L and L2 by using an un- 1 	 --
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in which c is the dimensionless analog of the wave celerity. 
A wave celerity represents the velocity of a wave relative 
to the velocity of flow. Eqation (21) implies that any 
disturbance occurring at a point (xu t) in the x - t plane 
will propagate in both directions; one downstream and the 
other upstream at speeds of v + c and v - cu respectively. 
The loci of such propagation in the x - t plane are known 
as characteristic curves, The flow conditions (flow depth, 
velocity, discharge, etc.) at a certain station x at a 
certain time t result from the total effect of all such 
disturbances arriving at x at time t. It may turn out that 
the bulk of the flow profile moves with a velocity considerably 
different from v + c and v - e. Consequently, such a flow 
profile and its motion can be determined in general only by 
a full solution of the hydrodynamic equations (Stoker, 
1 9 5 7 ) .  
Now, substituting the two values of A back into 

Eq. ( 2 0 )  r e s u l t s  in 
quat ti on (22) gives two characteristic equations; one forward 

(Cf ) and one backward ( c - ) .  Every point on the characteristic 
curve which satisfies Eq. (21) with positive sign should 
also satisfy Eq. (22) with the corresponding sign, Likewise, 
another characteristic curve satisfies Eqs. (21) and (221, 
both with negative sign. It can be seen that the system 
of relations characterized by Eqs. (21) and (22) is completely 
equivalent to the system of Eqs* (14) and (l7), A solution 
of either system would yield a unique solution of the other 
provided that appropriate initial and boundary conditions 
are prescribed, Since the coefficients E, W, -and c cannot 
be expressed as a direct function of x ,  t, v, and h, Eqs. 




4-1.3 Numerical Procedure for Solving the 

Characteris tic ~quations 

The two pairs of characteristic equations (21) 
and (22) can be solved simultaneously for the four unknowns 
x, t, vl and h. Two methods can be used to carry out such 
computations. One uses the network of characteristics (float- 
ing net) in which the grid points are determined in the course 
of calculation. The other operates on a fixed rectangular 
net in the x - t plane. The rectangular net scheme is often 
more desirable to use than the characteristic net because 
it provides direct solutions at specified locations. In 
both methods it is possible to use either an explicit or 
an implicit scheme for the numerical calculation. The 
explicit scheme extrapolates flow parameters linearly from 
the calculated values of the previous time, its solution is 
direct. The implicit scheme assumes flow parameters and 
LL-- -L- - l - - ---.: ,-,m&
~ ~ l e ~ l  a y ~ L L L D L t h e  given f l o w  condition, t h u s  involvingG L ~ ~ L J L ~  
an iterative procedure. The explicit scheme provides a 

direct solution but requires small space and time steps 

in order to obtain a stable solution. On the other hand, 

the implicit scheme is normally stable regardless of large 

space-time steps. However, the necessity of having extensive 

computer memory spaces and considerably more complicated 

computer programs often reduces the usefulness of the implicit 

scheme. Therefore, the present study will utilize an explicit 





All of the stations in the flow system can be 

1, Central stations 

2 .  Upstream boundary stations 
3. Downstream boundary stations 

Each type of station requires a different set of simultaneous 

equations to calculate the depth and velocity of flow at 

the station. They will be considered in the following order: 

A, Central Stations 

By taking first order approximation and replacing 

partial derivatives by finite difference quotients, Eqs. 





&i(hp - hL) + v - v cos 8 P L
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where the subscripts refer to the grid points in the rec- 

tangular net as shown in Fig. 4. It is noted that for sub- 

critical flow (v < c), Eq, (25) gives a negative slope for 
dx/dt and the C--characteristic curve lies between points M 
and B .  In the case of supercritical flow, the C--
characteristic curve has a positive slope so that its inter- 
1 
secting point R lies between A and M.  
Assuming the variations of v and D between grid 
points A and M F  and M and B are small, the values of vL, 
DL, vR and D R (or vR, and DRt) can be linearly interpolated 
from the known values at these grid points. Eqs. (23) 
through (26) can then be used to solve for xL' xR' (or x R , ) ,  
v and hp.P 
It must be pointed out that the characteristic 
curves depend upon the unknown values of c and v and t h e i r  
slopes are given by dx/dt = v f c. In the explicit solution 
scheme, t h e  interval is nor?i:~allyspecified and A t  m u s t  be 
chosen sufficiently small such that a convergent solution 
at point P can be obtained. In fact, the Courant's condition 
(Courant et ale, 1952) has been observed as a limitation 

of At for a stable solution 

~ i g u r e4 .  The Rectangular  Grid  System 
B,  Upstream Boundary Stations 
Proper upstream boundary conditions may consist 
of specifying the flow depth, or velocity or the relationship 
between them such as a stage-discharge rating. A flow 
regulation structure can also furnish such information. In 
view of the laboratory model, the fixed watershed divide 
uniquely defines a no-flow condition at the upstream 
station. Therefore, with reference to Fig. 4, the condition 
is prescribed at the upstream station. For this assumption, 

the flow will always start with a subcritical flow state, 

Furthermore, since this is the most upstream station, the 

+forward characteristic (C ) does not exist, That leaves 
only the backward characteristic to be applicable for the 
solution. Yet, in order to avoid the approximate evaluation 
of friction slope which becomes unrealistically large at 
small depths, the continuity equation (14) is employed instead 
of using Eq. (26) to obtain hp. Introducing Eq. (28) into 
Eq .  (14),the finite difference form of the continuity 
equation at the upstream station becomes (Fig. 4) 
-
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At 2 Ax cos 8- 2 Ax 
Since the quantities at M and N have been computed, and 
and Wp are functions of hp, E q .  (29) can be easily solved 
='P 

for hp by the Newton-Ralphson method (Hildebrand, 1 9 5 6 ) .  

C ,  Downstream Boundary Stations 
At the downstream boundary of a watershed, only 

+the forward characteristic (C ) is applicable when the flow 
is subcritical, Thus, one additional condition must be 
given. This condition may be a discharge hydrograph or a 
restriction on the flow such as the critical depth that 
can be used along with the forward characteristic equation 
to form simultaneous equations. However, often times 
when such knowledge is unavailable, a normal flow condition 
is specified. 
In modeling the laboratory watershed runoff, a 

free overfall can be prescribed as the downstream boundary 

condition for both overland and channel flows since the water 

discharges into the respective receiving channel and tank 

in the form of a nappe. Thus the flow depth at the down- 

stream station is given by a critical depth as 

The above expression can be used together with either the 

+forward characteristic (C  ) equation (24) or the continuity 
equation (29) to' obtain :hp and vp. In this study, Eq. (29) 
and Eq. (30) are used. When the flow is supercritical, no 

condition needs to be specified since both characteristic 

curves have positive slopes whose values can be determined 

above this station (Fig. 4). It is important to note that 

the boundary condition may change during the course of 

computation if the flow changes from subcritical state to 

supercritical or vice versa. Hence, an examination of the 

state of flow is necessary to insure the proper application 

of the downstream boundary condition. 

4 , P . 4  Initial Conditions 
On setting up the finite difference calculation 
net, the initial values of v and c (or h) at every station 
along the x-axis must be known. One of the most difficult 
initial conditions is that represented by a dry channel, 
for which v = 0 and h = 0.  This condition imposes a 
singularity problem on the immediate next computation step 
advanced by At. A number of schemes have been proposed 
to overcome such a difficulty. In their solution of the 
shallow water equations, Liggett and Woolhiser (1967) 
ignored the spatial variations of depth and velocity at the 
initial stage of flow. In this case, the continuity equation 
was reduced to h = t and the momentum equation was integrated 
directly to yield v. Chen and Chow (1968) suggested the use 
of a slow steady uniform flow as the initial condition for 
which h = rt and v was computed by a uniform flow formula, 
Following the basic concept of this suggestion, Kareliotis 
from laboratory observations. They further postulated that 

the flow would not commence until the amount of initial 

depth had been built up to break up the surface tension force. 

Accordingly, the assumed initial conditions in 

this study can be stated as 

h (x, ti) = hi and v(x, ti) = vi 

where v = 0 for a dry surface channel and corresponds to a i 

uniform flow velocity when a small base flow is present, The 

initial depth of flow hi is related to tir the initial time 

of flow, by 

All the quantities used above are dimensional. It must be 

noted that hi cannot be determined analytically from the 

= 
present knowledge because it depends on many factors such 

as surface tension, viscosity of water, raindrop impact 

(intensity) and ground surface slope and roughness. Assump-

tions must be made to estimate its value under the combined 

influence of these factors. Further discussions on the impor- 

tance of initial condition to the runoff hydrograph will be 

given in Sec. 6.1. 





value problem can be solved approximately. One starts with 

a net along the x-axis with spacing Ax. Since c and v are 
known at a l l  of these stations, the values of c and v can 
be advanced by the use of Eqs. (23) through (26) to a 
parallel row of stations on a line spaced at At along the 
t-axis from the x-axis (Fig. 4). 
4.1.5 Programming the Watershed Runoff Model 

The dynamic watershed runoff model is programmed 
in FORTRAN IV and executed by the IBM 3 6 0 / 7 5  digital computer 
at the University of Illinois Computer Center. A generalized 
flow chart is given in Fig. 5 to illustrate the detailed 
procedure of computation. Given below is a brief description 
of programming the model by following the flow chart. 
The watershed physiographic and hydrometeorological 

factors are read in as input data, Using these data, the 

reference quantities are computed from the equilibrium 

condition at the watershed outlet, A printout of all the 

input data and the normalizing parameters is then obtained 

for later inspection of any possible error involved in 

the data set. The initial flow conditions for both overland 

and flows calculated from the value 

k, as described in Section 4.1.4. After the initial values 

of depth and velocity are obtained, a printout of the results 






PRINT INPUT DATA AND 

F i g u r e  5. Flow Char t  o f  t he  Computer Program f o r  S i m u l a t i n g  
a Labora to ry  Watershed Runoff 
The iteration starts with the selection of time 

increment which is variable in the program. It is calculated 

each time step for all the stations with Courant's criterion 

(Sec. 4.1.3). Since the depth and velocity of flow change 

from station to station, At computed at various stations 

is never the same, The minimum At for all stations is 

selected. In order to assure the two characteristic curves 

issuing from P (Fig. 4) would fall within the adjacent 

stations, a time reducing factor is applied to the selected 

At. This factor is taken as 0.5 at the beginning of the 

calculation when the depth and velocity are both small at 





After At is selected, it is added to the accumulated 
time to give the current hydrograph time. This time is 
used to decide whether to terminate the rainfall and also 
the entire calculation process. The calculation is per-
formed, on the same time level, for overland flow first, and 
then followed by channel flow. It is proceeded in the down- 
stream direction for all central stations. When the boundary 
stations of overland flow are solved, the outflow is used 
together with the rainfall as inflow to the channel. After 
the computation is completed for the particular time step, 
the process is moved to a new time- step, by adding a At. 
The procedure is repeated again until the maximum hydrograph 
- - -  - 
s u o ~ q e n b a  qqsTxaqDexey3 ayq go uoTqeaTxap ayq 9 x o q ~ e 3  
UoTqDyxg ayq aqenTeaa oq pasn  e~nmxo3  ayq d~quanba suoa  pue 
. % 
~ o i ' i30 amy6ax aqq uo bu-rpuada* o ~ a p o maneM DrqemauTy ayq* 
b u ~ q ~ n x q s u o s  axe  pue (EE )  ~ s b ax o j  suorqenba q s e q  ayq ( E )  
0( E )  - x 6 8 = g S =- - s 
zA 
se axay paqeadax ST uoyqou go u o ~ q e n b a  ay& 
-
- Z (PE) SO3%& + I = M axaqM 
=b 1 
-geuuou qou axe  suorqenba MOTS ayq " a O ~  : w o 3  
can be presented in the following flow cases. Again, only 

the modeling of channel flow will be considered since the 

analysis can be easily applied to overland flow as well. 

4 .2 .1  Solution by the Explicit Characteristic Method 
A. Laminar Flow 

Substituting Eq. (8) into Eq. (4) and rearranging 

the result yield the expression for the velocity of flow as 
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since -	aR - ItL -ah 
ax h2 cos B Z  	ax. 
for rectangular channels. As seen in Eqs. (36) and ( 3 7 ) ,  
the relation between R and h, which varies with the channel 
geometry, must be established. Hence, the channel shape 
needs to be prescribed in the formulation process. Then, 
Eqs. (35), (36) and (37) are substituted into Eq. (33) to 
yield 
- - - 
- - 
By using theconcept of chain rule, it is apparent that 









in which c is the celerity of wave. Eq. (40) is the single 

+forward (C ) characteristic curve of the kinematic wave 
model. Simultaneous solution of Eqs. (39) and (40) would 
yield the depth and velocity of flow in the x - t plane. 
Because the kinematic wave model has only a single 
characteristic, it implies that the flood wave would only 
travel downstream and that no appreciable effect is produced 
from the dewnstrea~boundary condition, As a consequence, 
the backwater phenomenon, which originates from the down- 
stream control, carnot be accounted for in the kinematic 
wave model. 
B.  Turbulent Flow on Smooth Surface 
For turbulent flow smooth surface, the 

formula (Eq. 9) is used to calculate the friction factor. 

Therefore, substituting Eq. (9) into Eq. (4) and simplifying 

the result give 

where Cl = ( 8 s  4/7 
0,223 vl/4) 
Taking the partial derivative av/ax and making use of Eqs. 
(33); (37), (41) and (42), the resulting characteristic 
equation is 
Since Eq. (39) is still applicable, it is used along with 

Eq. (43) to form the simultaneous equations for turbulent 

flow on smooth surfaces. 

C. Turbulent Flow on Rough Surface 

In the ease of flow over relatively rough surface, 

the Karman-Prandtl formula is used to estimate the resistance. 

Likewiser introducing Eq. (10) into Eq. (4) results in 

Again, taking the partial derivative of Eq .  (44) with respect 
to x and then substituting it together with Eq s .  (37) and 
(44) into Eq. (33) finally give the characteristic equation as 

2R R3/2
(log --jT. + 0.87) + lnlO h cos B Z  = v + c (45)'I 

The determination of the regime of flow and consequently the 

equation used to compute the friction factor has been 

described earlier (Sec, 2-4). A detailed description of 

this computation procedure is given in Appendix A. 

Eq.  (39) and any one of the three characteristic 
equations (40), (431, and (45) can now be solved simul- 
taneously for the depth and velocity of flow. By employing 
the rectangular calculation net, the finite difference 
equations for the kinematic wave model are (Fig. 4) 
in Fig. 4. As in the dynamic wave case, linear interpolation 
is used to find v and hL from the known values at A and B.L 
By comparing Eqs. (46) and (47) with the corresponding finite 
difference equations for the dynamic wave model, Eqs. (23) 
through ( 261 ,  it is quite clear that the kinematic wave 
requires much less calculation and consequently less computer 
time as well, 
Boundary Conditions 

Since the kinematic wave method has a single forward 

+(C ) characteristic which propagates downstream, only the 
upstream boundary condition needs to be considered. The 
condition of no flow (v = 0 )  cannot be used here because 
that would correspondingly give a zero depth as indicated 
by Eq. (4) and impose a serious singularity problem. By 
using the continuity equation coupled with the no-flow con- 
dition at the upstream boundary station, Chen and Chow (1968) 
showed that the depth of flow there was very close to zero. 
Therefore, it would appear to be proper to assume the up- 
stream boundary condition of the kinematic wave model as 
h(O,t) = hi for t ? O 
where h is the assumed initial depth as defined in Sec. 4.1-4.
i 
The corresponding velocity of flow can be readily calcu- 
lated by Eq. ( 3 5 ) ,  since the flow there is always in the 
subcritical state, 
The initial flow conditions used in the kinematic 
wave case are the same as these of the dynamic wave model 
and will not be repeated here, 
The procedure of programming the kinematic wave 
model is also similar to that of the dynamic wave method, 
The computer program of the model is listed in Appendix C. 
The dynamic and kinematic wave models developed 
above are designated as the basic watershed models. They 
will be used in the following chapter for the hydrograph 
routing study. 
Chapter 5 
DEVELOPMENT O F  WATERSHED RUNOFF ROUTING MODELS 
The b a s i c  watershed models developed e a r l i e r  a r e  
p r ima r i l y  f o r  watersheds  having s imple  geometr ic  conf igura-  
t i o n  such a s  t h e  WES l a b o r a t o r y  model. They a r e  u s e f u l  f o r  
t h e  s tudy  of r a i n f a l l - r u n o f f  r e l a t i o n s h i p s  and of t h e  i n f l u -  
ences  of t h e  governing parameters .  w i t h - t h e  a i d  of expe r i -
mental  d a t a ,  t h e  v a l i d i t y  of t h e  f low t h e o r i e s  can a l s o  be 
i n v e s t i g a t e d .  However, n a t u r a l  d r a i n age  b a s i n s  u s u a l l y  have 
complex channel  networks and t opo log i c a l  cond i t i on s  by which 
t h e  f low c h a r a c t e r i s t i c s  a r e  g r e a t l y  a f f e c t e d .  The re fo re ,  
i n  o r de r  t o  exp lo r e  t h e  p o s s i b i l i t y  of f u t u r e  a p p l i c a t i o n  
of t h e  model t o  p ro to type  b a s i n s ,  c on s i d e r a t i on  must be  g iven  
t o  t h e  i n t e r a c t i o n s  between a majpr s t ream and i t s  t r i b u t a r -
i e s  in a  d r a i n age  basin. Many statistical analyses have 
been made t o  r e l a t e  t h e  peak r a t e  of  runof f  w i th  t h e  d ra in -  
age b a s i n  morphology, such a s  t h e  s i z e ,  shape,  o r i e n t a t i o n ,  
and d ra inage  d en s i t y  of t h e  b a s i n .  However, t h e  mechanics 
of  wa te r  movement i n  such complicated systems under t r a n -  
s i e n t  s p a t i a l l y  v a r i e d  cond i t i ons  has  no t  been adequa te ly  
i n v e s t i g a t e d .  i n  c a r r y i ng  o u t  such a  s tudy  of  an actuai basin 
system, it i s  necessary  t o  make use  of a  cons ide rab le  bu lk  of 
ob s e rva t i ona l  d a t a  such a s  c r o s s  s e c t i o n s  and s l ope  of t h e  
channe l s  and of t h e  land s u r f a c e s ,  measurements of r i v e r  
dep ths  and d i s cha rge s  a s  f unc t i on s  of t i m e  and d i s t a n c e  from 
t h e  r i v e r ,  d r a inage  a r e a s ,  s u r f a c e  f e a t u r e s  of  t h e  b a s i n ,  
observed f lows from t r i b u t a r i e s ,  etc.  This  body of informa-
t i o n  i s  r equ i r ed  t o  f i x  t h e  c o e f f i c i e n t s  of t h e  d i f f e r e n t i a l  
e qua t i on s  and t o  se t  up t h e  i n i t i a l  and boundary cond i t i on s .  
I t  i s  a t a s k  wi th  many complex i t i es .  Un t i l  t h e  mechanics of 
runof f  becomes c l e a r e r ,  such a  s tudy  i s  imposs ib le  and may be 
unnecessary .  Hence, f o r  t h e  purposes of t h e  p r e s e n t  i n v e s t -  
i g a t i o n ,  it i s  more d e s i r a b l e  t o  develop a  numerical  scheme 
which can be used t o  r o u t e  f l ood  hydrographs from s imp l i f i e d  
concep tua l  d ra inage  b a s i n  systems,  
5 . 1  Stream Network Topology 
Modeling of s u r f a c e  runoff  i n  a  d ra inage  b a s i n  sy- 
s t e m  must s t a r t  w i t h  t h e  schemat iza t ion  of t h e  b a s i n  i n t o  d i s -  
c r e t e  e lements  t o  a l low mathematical  t r e a tmen t ,  A r educ t i on  
scheme, which d i v i d e s  a watershed i n t o  a sequence of elemen-
t a r y  ca scades ,  has  been used by many au tho r s  (Brankensiek,  
19671 Machmeier and Larson,  1968; Gunaratnam and Pe rk i n s ,  
1970; K i b l e r  and Woolhiser, 1 9 7 2 ) .  This  scheme i s  a l s o  adopted 
f o r  t h e  p r e s e n t  s tudy.  
Shown i n  Fig .  6a i s  an example of  mul t ip le - reach  
channels  i n t e r connec ted  t o  form a  b a s i n  network. The e n t i r e  
ub-bas ins 
Figure 6. (a) Reduction of a Drainage Basin into Sub-Basins 
(b) A Y-Channel J unc t i on  
each sub-basin  resembling t h e  l a bo r a t o r y  watershed.  Within  
each sub-basin ,  t h e  phy s i c a l  p r o p e r t i e s  and l a t e r a l  i n f l ows  
( i n c l u d i ng  r a i n f a l l )  a r e  assumed t o  be  s p a t i a l l y  uniform so  
t h a t  t h e  b a s i c  watershed models could  be  app l i ed  t o  o b t a i n  
runof f  hydrographs.  These hydrographs a r e  t hen  i n t e g r a t e d  
t o g e t h e r  by a  s t ream junc t ion  r o u t i n g  technique  d e s c r i b ed  
below t o  g ive  t h e  t o t a l  runoff  from t h e  whole b a s i n .  
5 8 2  Channel J unc t i on  Routing 
When a f l ood  wave moves down t o  a junction of t w o  
r i v e r s ,  t h e  f low phenomenon i s  u s u a l l y  very  complex, w i t h  sud- 
den changes i n  d i s cha rge  and d i r e c t i o n  of f low,  e t c .  Within 
t h e  f low system, energy and momentum t r ans fo rma t ions  a r e  pro- 
g r e s s i n g  a s  two bodies  of wate r  a r e  mixed t o g e t h e r .  Ref lec-
t i v e  waves created a t  t h e  r i v e r  j o i n t  w i l l  t r a v e l  bo th  down- 
s t r eam and upstream i n  a l l  t h e  branches  t o  a f f e c t  t h e  f low 
c h a r a c t e r i s t i c s .  The process  i s  s o  complicated t h a t  on l y  
v e ry  s imp l i f i e d  c a s e s  can be s t ud i ed  a n a l y t i c a l l y .  
5 . 2 . 1  For t h e  Dynamic Wave Model 
A t  t h e  p o i n t  where a  s t ream i s  joined by a t r i b u -
t a r y  channe l ,  t h e  t r a n s i e n t  f low can be s imulated by d i v i d i n g  
the system i n t o  t h r e e  segments. Three s t a t i o n s ,  each l o c a t ed  
on a segment j u s t  above o r  below t h e  j unc t ion  node, a r e  t o  be  
cons ide red  i n  t h e  fo l lowing  a n a l y s i s  (F ig .  6b). For s i m -
p l i c i t y ,  t h e  j unc t ion  i s  cons ide red  a s  a  conf luence  p o i n t ,  
f o r  which s t o r a g e  of  water  i n  t h e  j unc t ion  i s  neg lec t ed .  I n  
-* 
o t h e r  words, what f lows in-to t h e  j unc t ion  from t h e  upstream 
branches  must move o u t  i n t o  t h e  downstream reach .  I f  t h e  , 
f lows  i n  t h e  t h r e e  r eaches  a r e  independent ,  t h e  t h r e e  s t a t i o n s  
simply s e r v e  a s  t h e  r e s p e c t i v e  downstream and upstream bound- 
a r i e s  of each r each .  When t h e  f low cond i t i on s  become depend- 
e n t ,  i . e . ,  backwater o c cu r s ,  t h e  j unc t ion  s t a t i o n s  (and t h e  
r e a che s )  a r e  l i nked  by t h e  fo l lowing  assumptions:  
a .  Con t inu i ty  of  f low: O N + % = %  
b. Con t inu i ty  of f low s u r f a c e  p r o f i l e :  
where Q i s  t h e  d i s cha rge ,  and Z i s  t h e  water  s u r f a c e  e leva-  
t i o n .  Nei ther  energy l o s s  nor change of momentum caused by-
t h e  j unc t ion  i s  t aken  i n t o  con s i d e r a t i on .  I t  i s  noted t h a t  
by us ing  E q e  ( 4 9 )  and n eg l e c t i ng  t h e  s t o r a g e  e f f e c t ,  t h e  
f low i n  t h e  j unc t ion  i s  im p l i c i t l y  cons idered  as i n s t an t an - -
eous ly  s t eady  between two consecu t ive  computation s t e p s .  The 
backwater e f f e c t  i s  approximately  accounted f o r  by Eq .  ( SO ) ,  
which i s ,  i n  f a c t ,  a s p e c i a l  c a s e  of energy equa t ion  wi th  t h e  
n e g l e c t  of t h e  energy l o s s  o r  exchange between flows a t  t h e  
j unc t ion .  A r e s e r v o i r  t ype  of j unc t i on  r o u t i n g  which adds a 
storage term, ds/dt, to Eq. (49) and a kinetic energy term, 

2 
v / 2 g ,  to Eq. (50) was suggested by Eagleson (1968) and 
.M 
discussed by Sevuk and Yen (197313). Although the reservoir 
type of treatment would give a better approximation for a 
junction with large cross-sectional area, Eqs. (49) and (50) 
have been used by many investigators to study the junction 
problems both experimentally (Taylor, 1944; Larson et al., 
1971) and theoretically (Stoker, 1957; Baltzer and ~ a i ,  
1968; Wei and Larson, 1971; Quinn and ~ylie, 1972). All 
their results indicated that such assunptions were satis- 
factory. 
It should be noted that assumption b is invalid if 
a hydraulic jump takes place at the junction point. However, 
since the consideration of a moving hydraulic jump is beyond 
the scope of the present study, assumption b is necessary. 
By using an explicit characteristic method, two 
forward (C+) and one backward ( c - )  routing equations can be 
obtained from the respective two upstream and one downstream 
stations. These three characteristic equations, together 
with the three continuity equations proposed above, can be 
solved simultaneously for the three pairs of flow depths and 
velocities at the three stations as shown in Fig. 6b. With 
given geometric conditions at the junction node, bottom dis- 
continuity and sudden enlargement in cross-section in the 
downstream reach can also be incorporated in the solution. 
5 . 2 , 2  For  t h e  Kinematic Wave Model 
Channel j u n c t i o n  r o u t i n g  f o r  t h e  k inema t i c  wave 
model i s  somewhat s imp le r  t h a n  t h a t  f o r  t h e  dynamic wave 
mode l ,  s i n c e  t h e  f low c o n d i t i o n s  i n  t h e  ups t ream r e a c h e s  
are n o t  i n f l u e n c e d  by t h e  downstream r e a c h .  W i t h  r e f e r e n c e  
t o  F ig .  6b and a g a i n  c o n s i d e r i n g  t h e  con f luence  a s  a p o i n t ,  
t h e  c o n t i n u i t y  e q u a t i o n  (49)  can s t i l l  be  a p p l i c a b l e .  A s  
mentioned i n  Sec.  4.2.1, t h e  two upst ream d i s c h a r g e s  QN and 
Qp can  b e  de te rmined  i n c l u s i v e l y  w i t h i n  r e s p e c t i v e  f l ow  do- 
main of each r e a c h .  Thus QM i s  e a s i l y  o b t a i n e d  from t h e  con-
t i n u i t y ,  L e e ,  Eq. ( 4 9 ) .  With QM known, it can  b e  used  t o -
g e t h e r  w i t h  e i t h e r  one o f  Eqs. (35), ( 4 1 )  and ( 4 4 )  depending 
on t h e  regime of  f l ow ,  t o  s o l v e  f o r  hM and vM by t h e  Newton- 
Ralphson method. 

I t  shou ld  become a p p a r e n t  now t h a t  w i t h o u t  t h e  u s e  
of  a c o n d i t i o n  such  a s  E q .  ( S O ) ,  t h e  backwater  e f f e c t  i s  com-
p l e t e l y  n e g l e c t e d  i n  t h e  k inemat ic  wave s o l u t i o n .  The run-  
o f f - f r o m  each s u b b a s i n - s i m p l y  c a s c a d e s  down t h e  s t r e ams ,  
- r e a c h  by r e a c h  - w i t h  no. downstream r e f l e c t i o n s  o r  - i n t e r f e r -  

ence s .  

5 . 3  Numerical P rocedure  f o r  Runoff Hydrograph Routing 
A s imp le  concep tua l  b a s i n  c o n t a i n i n g  t h r e e  sub- 
b a s i n s  and a Y-stream j u n c t i o n  a s  shown i n  F i g .  7 i s  used t o  
Fieach 1 Reach 2 
Eleach 1 Reach 3 

Figu re  7 .  Th e  G r i d  Sys tem a t  Junc t ion  P o i n t  
d e p i c t  t h e  hydrograph r o u t i n g  s tudy .  For s imp l i c i t y ,  each 
sub-basin  i s  assumed t o  have a r e c t a ngu l a r  channel  i n  t h e  
middle  and two i d e n t i c a l  over land flow p l anes .  The over land 
f low t a k e s  p r e c i p i t a t i o n  excess  a s  i n pu t  and f e ed s  it a s  
l a t e r a l  in f low t o  t h e  channe l ,  whereas t h e  channel  r e c e i v e s  
t h e  outf low from over land f low p l u s  t h e  r a i n f a l l  f a l l i n g  d i -  
r e c t l y  on t h e  f r e e  s u r f a c e  and c a r r i e s  it downstream. The 
procedure  of t h i s  s imu la t ion  i s  b a s i c a l l y  t h e  same a s  t h a t  
f o r  a s i n g l e  sub-basin desc r ibed  i n  Chapter  4 and needs n o t  
t o  be  r epea t ed  he re .  Only t h e  r o u t i n g  of upstream, downstream, 
and junc t ion  s t a t i o n s  w i l l  be  g iven  below. 
A. The Upstream S t a t i o n  
This  s t a t i o n  i s  de f ined  a s  t h e  most upstream s t a -
t i o n  of an over land  f low o r  of a f i r s t  o r de r  stream (Chow; 
1 9 6 4 ,  Eaglson,  1970) .  I n  g ene r a l ,  f low a t  t h i s  s t a t i o n  i s  
s u b c r i t i c a l ;  t h u s ,  t h e  backward c h a r a c t e r i s t i c  i s  app l i c ab l e .  
E i t h e r  one of t h e  fo l lowing  two cond i t i on s  can  be s p e c i f i e d  
a dd i t i o n a l l y :  
( i f  known) 
b. v = 0 o r  h = h. (otherwise)
P 1 

A t  t h e  upstream s t a t i o n  of over land f low,  t h e  no 
f low (V = 0)  and t h e  con s t an t  dep th  ($= hi) cond i t i on s  a r e  
P 
r e s p e c t i v e l y  p r e s c r i b ed  a s  t h e  boundary cond i t i on s  f o r  t h e  
dynamic wave model and t h e  kinemat ic  wave model. The so lu -  
t i o n s  of f low dep th  and v e l o c i t y  under t h e s e  cond i t i on s  a r e  
g iven  i n  Sec t i on s  4 .1 .3  and 4 . 2 . 2 .  For t h e  s t ream f low i n  
bo th  models,  t h e  d i s cha rge  hydrographs,  Eq .  ( 5 1 ) ,  i s  g iven  
a s  t h e  a d d i t i o n a l  boundary cond i t i on  a t  t h e  upstream s t a t i o n .  
For t h i s  c a s e ,  v can be expressed i n  terms of o t h e r  
P 
v a r i a b l e s  a s  (F ig ,  4 ) :  
cos O 00 

i n  which a l l  t h e  parameters  a r e  i n  d imens ion less  form. The 
r a t i o  c o s e  /coseo i s  p r a c t i c a l l y  u n i t y  f o r  sma l l  s l ope s  and 
Z 
can b e  d i s r ega rded .  S u b s t i t u t i n g  vD of Eq: (53)  i n t o  t h e  
.I. 
backward c h a r a c t e r i s t i c  equa t ion  ( 2 6 )  r e s u l t s  i n  a q u ad r a t i c  
equa t ion  i n  h  . So lu t i on  of t h i s  q u ad r a t i c  exp res s ion  g i v e s  
P 
where 
Metz Rzf erence Roo,,\ 
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and a l l  o t h e r  v a r i a b l e s  have been d e f i n e d  e a r l i e r  i n  S e c t i o n  
4 . 1 . 3 .  I t  i s  noted t h a t  on ly  t h e  p o s i t i v e  r o o t  of  t h e  d e t e r -  
minant  i s  chosen s i n c e  t h e  nega t ive  one would g i v e  a nega t ive  
dep th  which i s  meaningless .  A f t e r  i s  o b t a i n e d ,  it  i s  sub-
s t i t u t e d  back i n  Eq.  ( 5 3 )  t o  f i n d  up . 
B. The Downstream S t a t i o n  
This  i s  t h e  downstream boundaryfor  an over land  f low 
p l a n e  o r  a  watershed o u t l e t .  A s  s t a t e d  b e f o r e ,  t h e  kinema- 
t i c  wave model does  n o t  r e q u i r e  a downstream boundary con-
d i t i o n  t o  o b t a i n  a s o l u t i o n .  Thus, t h e  d i s c u s s i o n s  presen ted  
here are s t r i c t l y  a p p l i c a b l e  t o  t h e  dynamic wave model a lone .  
When f low a t  t h i s  s t a t i o n  i s  s u p e r c r i t i c a l ,  no boundary eon-
d i t i o n  needs t o  b e  s p e c i f i e d  s i n c e  t h e  f low c h a r a c t e r i s t i c s  
can b e  determined i n s i d e  t h e  f low domain. But i n  ca se  of sub-
c r i t i c a l  f low,  one a d d i t i o n a l  boundary c o n d i t i o n  must be g iv -  
en .  I n  t h i s  s t u d y ,  t h e  f r e e  o v e r f a l l  c o n d i t i o n  (Sec. 4.1.3) 
is  aga in  used w i t h  t h e  c o n t i n u i t y  equa t ion  ( 2 9 )  t o  o b t a i n  t h e  
s o l u t i o n s  a t  downstream s t a t i o n  of over land  flow. A t  t h e  
watershed o u t l e t ,  when o t h e r  flow cond i t i ons  a s  d i c t a t e d  by 
t h e  channel  geometry a r e  n o t  a v a i l a b l e ,  a normal f low condi- 
t i o n  i s  assumed. For t h i s  assumption,  t h e  s imul taneous equa- 
t i o n s  a r e  
i n  which t h e  s u b s c r i p t s  r e f e r  t o  t h e  v a l u e s  a t  t h e  p o i n t s  as  
shown i n  F ig .  4 .  When t h e  f low i s  i n  t h e  laminar regime,  t h e  
f r i c t i o n  f a c t o r  f i n  Eq. (55) i s  de f ined  by Eq. ( 8 ) .  Thus, 
By s u b s t i t u t i n g  Eq .  (56) i n t o  Eq .  (24) , h can be solved by 
P 
t h e  Newton-Ralphson method. I n  t h e  c a s e  of t u r b u l e n t  f low,  
Eqs. ( 9 )  and ( 1 0 )  a r e  used t o  compute f  f o r  f low on smooth 
a n d r o u g h  s u r f a c e s ,  r e s p e c t i v e l y .  Therefore ,  Eq. (55)  be-
comes 
f o r  smooth s u r f a c e  ( 5 7 )  
and 
f o r  rough s u r f a c e  (58)  
. - -
By e l im i n a t i n g  v from Eqs. (24) and (57)  o r  from Eqs. ( 2 4 )P 
and ( 5 8 ) ,  and aga in  us ing  t h e  Newton-Ralphson technique ,  h  P 
( o r  R ) can be  r e a d i l y  ob ta ined .  A f t e r  h i s  determined,  Eq. 
P P 




f low regime and t h e  corresponding formula t o  c a l c u l a t e  f, 
one i s  r e f e r r e d  t o  Sec t ion  2 . 4  and Appendix A. 
C ,  Junc t i on  S t a t i o n s  
A s  mentioned e a r l i e r  i n  Sec t i on  5 .2 ,  t h r e e  equa- 
t i o n s  can be  formulated on t h e  b a s i s  of c o n t i n u i t y  i n  flow 
r a t e  and t h e  f low s u r f a c e  p r o f i l e  a t  t h e  t h r e e  j unc t ion  s t a -
t i o n s  M ,  N and P (F ig .  7 ) :  
I f  bottom drops  a r e  p r e s e n t ,  E q .  ( 5 0 )  can be  modif ied aS 
. i n  which DN and Dp a r e  t h e  two v e r t i c a l  drops .  Without t h e  
-
-
presence  of d rop  f a l l s ,  Eq. (50)  s imply imp l i e s  t h a t  t h e  
t h r e e  s t a t i o n s  have t h e  same depth  of f low. The t h r e e  f i n i t e  
~ ~ a r a c t e r i s t i c  a r eequa t ions  emanating from-M, f and P 
where the s u b s c r i p t s  i n d i c a t e  t h e  v a l u e s  a t  t h e  p o i n t s  a s  
shown i n  F i g .  7 .  B y  r e a r r ang ing  E q s ,  (60) , ( 6 1 )  and (62) , 
vPI,vN and vp become 
where 
and 
s u b s t i t u t i n g  Eqs. ( 5 9 ) ,  ( 6 3 ) ,  ( 6 4 )  and (65) i n t o  Eq .  ( 4 9 )  
f i n a l l y  y i e l d s  a quad r a t i c  equa t ion  i n  hM: 
- - - - -  
-- 
- - 
where T i s  t h e  t o p  width  of each channe l  r each .  The so lu -  
t i o n  of hM from Eq. ( 6 6 )  should b e  s t r a igh t - fo rward .  When 
t h e r e  i s  no d rop  a t  t h e  s t ream j u n c t i o n ,  hM can be  so lved  
d i r e c t l y  from Eq. ( 6 6 )  by s e t t i n g  bo th  Dp and DN t o  ze ro .  
A f t e r  hM i s  determined,  Eqs. (59) and ( 6 3 )  through (65)  a r e  
t h e n  used t o  f i n d  t h e  remaining d e p t h s  and v e l o c i t i e s .  
The preceding procedure  i s  mainly developed t o  c a l -  
c u l a t e  t h e  j unc t ion  dep ths  and v e l o c i t i e s  f o r  t h e  dynamic 
wave model. A s  f o r  t h e  k inemat ic  wave model, on ly  t h e  f low 
d e p t h  and v e l o c i t y  a t  s t a t i o n  M a r e  t o  be solved from t h e  
j u n c t i o n  r e l a t i o n s .  S ince  QM can b e  computed from E q .  ( 4 9 )  
and QM = AMVM s u b s t i t u t i n g  vM by one of Eqs. ( 3 5 ) , (41) o r  
( 4 4 )  y i e l d s  
i n  which a l l  th; v a r i a b l e s  have been de f ined  e a r l i e r  i n  Sec. 
4 . 2 .  	 Eqs. (67)  through ( 6 9 )  can be  used t o  s o l v e  f o r  RM 
( o r  h ) by t h e  Newton-Ralphson technique .  Af t e r  % (and AM)M 
i s  found,  vM and consequent ly  t h e  Reynolds number can b e  ' 
e a s i l y  c a l c u l a t e d  t o  determine t h e  regime of f low a t  M. 
A t r i a l  and e r r o r  procedure  must be  employed t o  o b t a i n  t h e  
d e p t h  and v e l o c i t y  u n t i l  t h e  computed and assumed regimes 
of  f l ow both  ag ree .  
D. The I n i t i a l  Condi t ion  
Constant  base  flows a r e  assumed i n  t h e  channels  
th roughout  t h e  computation p roces s .  By us ing  t h e s e  con-': . .  
s t a n t  b a s e  f lows ,  t h e  normal d ep t h  i n  each r each  can be c a l -  
c u l a t e d  and subsequent ly  employed a s  t h e  i n i t i a l  c ond i t i on s  
f o r  t h e  f l ood  r ou t i ng .  However, t h i s  would c r e a t e  a  d i scon-
t i nuous  s u r f a c e  p r o f i l e  a t  t h e  j unc t ion  because of t h e  add- 
ed d i s cha rge s  from t h e  upstream t r i b u t a r i e s  t h a t  g i v e  r i s e  
t o  a h igh  normal dep th  i n  t h e  downstream reach  (F ig .  8 ) .  
To overcome such a  d i f f i c u l t y ,  B r e s s e ' s  method (Bres se ,  1860, 
chow, 1959) i s  used t o  c a l c u l a t e  t h e  i n i t i a l  f l o w  profile 
i n s t e a d .  I n  t h i s  method, t h e  water  s u r f a c e  p r o f i l e  i s  g iven  
by t h e  fo l lowing  formula:  
where 
2 
and F ( u , 3 )  = u  +u+ l  - - c o t-1 -2u+l  
0 1-u (u -1 )2  47 I 6  

The c o n t r o l  s e c t i o n  used i n  B r e s s e ' s  backwater 
p r o f i l e  computation i s  t h e  s e c t i o n  o f  s t eady  uniform f low 
a t  t h e  o u t l e t  of the watershed.  A f t e r  t h e  i n i t i a l  s t eady  
f low dep th s  and v e l o c i t i e s  a r e  ob t a i n ed ,  r a i n f a l l  i s  then  
a pp l i e d  t o  t h e  b a s i n  t o  s t a r t  t h e  hydrograph r o u t i n g .  
5 . 4  Programming t h e  Runoff Routing Models 
Both t h e  dynamic and k inemat ic  wave r ou t i ng  models 
were programmed i n  FORTRAN I V ,  b u t  on ly  t h e  dynamic wave model 
w a s  executed  by t h e  IBM 360/75 computer a t  t h e  Un ive r s i t y  of 
I l l i n o i s  Computer Cente r .  The k inemat ic  wave r ou t i ng  model 
i s  executed  by t h e  UNIVAC 1 1 0 6  d i g i t a l  computer a t  t h e  Sargent  
and Lundy Engineers  Computer Se rv i c e  Cente r ,  Chicago, I l l i n o i s .  
A g e n e r a l i z e d  computation procedure  for t h e  watershed hydro-
graph r o u t i n g  i s  i l l u s t r a t e d  by t h e  f low c h a r t  i n  F i g .  9 .  
The numerical  r o u t i n g  beg ins  i n  a l l  sub-basins a t  t h e  same i n i t i a l  
t i m e .  I n d i v i d u a l  computation f o r  each sub-basin fo l lows  t h e  
same way as described i n  Sec. 4.1.5 and w i l l  n o t  be r epea t ed  
he re .  A f t e r  t h e  s o l u t i o n s  f o r  a l l  sub-basins  a r e  ob ta ined ,  
p rope r  j unc t i on  s t a t i o n s  a r e  i d e n t i f i e d .  For t h e  k inemat ic  
wave model, t h e  s o l u t i o n  of j unc t ion  dep ths  and v e l o c i t i e s  
i s  independent  of  t h e  s t a t e  of f low,  i.e. , whether t h e  flow 
i s  s u p e r c r i t i c a l ,  c r i t i c a l  o r  s u b c r i t i c a l  does n o t  a f f e c t  t h e  
rnethod of s o l u t i o n .  Thus, t h e  same procedure and equa t ions  
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F i g u r e  9 .  Flow Cha r t  for Watershed Hydrograph Rout ing Model 
-- -- --- 
j u n c t i o n  s o l u t i o n s  a t  a l l  t i m e s  f o r  t h e  k inemat ic  wave model. 
B u t  f o r  t h e  dynamic wave model, t h e  s t a t e s  of  flow a t  t h e s e  
s t a t i o n s  a r e  examined every t i m e  t o  i n s u r e  t h e  proper  s e l e c -  
t i o n  of j unc t ion  equa t ions .  With t h e  except ion  of d e a l i n g  
w i t h  t h e  hyd r au l i c  jump problem, a l l  o t h e r  f low cond i t i on s  
a r e  w i t h i n  t h e  c a p a b i l i t y  of  t h e  r ou t i ng  model. For example, 
if +he--- - f 1  ows at N, P and _Fil (Fig* 7 )  are supe_rcritic,al, super-
c r i t i c a l ,  and s u p e r c r i t i c a l ,  r e s p e c t i v e l y ,  t h e  f lows i n  a l l  
t h e s e  r eaches  a r e  independent ,  and t h e  j unc t ion  s t a t i o n s  a r e  
t r e a t e d  a s  o r d i na ry  boundary s t a t i o n s  a I n  t h i s  c a s e ,  t h e  two 
p a i r s  o f  dep ths  and v e l o c i t i e s  a t  N and P a r e  r e a d i l y  s o l v ab l e .  
The d i s cha rge  QM i s  t h e  sum of  QN and Qp a s  de f ined  by Eq. 
( 4 9 ) .  I f  no o t h e r  cond i t i on  c o n t r o l l i n g  t h e  f low a t  M is 
available, 0 i s  so lved  t oge t he r  wi th  t h e  c on t i n u i t y  equa t ion  
"M 

( 2 9 )  f o r  hM and v 
The major p o r t i o n  of t h e  computer program f o r  t h e  
hydrograph r o u t i n g  i s  t h e  same a s  t h a t  of t h e  b a s i c  water-  
shed models. Only t h e  main program, t h e  upstream, downstream, 
and i n i t i a l  c ond i t i on  sub rou t ines  a r e  s l i g h t l y  modif ied t o  
accommodate t h e  r o u t i n g  cond i t i on s .  Add i t i ona l l y ,  a  subrou-
t i n e  h a s  t o  be  w r i t t e n  t o  s o l v e  t h e  j unc t ion  problems. L i s t -
i n g s  of t h e  computer programs f o r  t h e  runof f  hydrograph r o u t -  
i n g  a r e  g iven  i n  Appendices B and C ,  r e s p e c t i v e l y ,  f o r  dyna- 
m i c  wave and k inemat ic  wave models, I t  i s  noted t h a t  t h e s e  
two programs can perform both  t h e  s imu la t ion  of t h e  labora-  
t o r y  watershed runoff  and t h e f l o o d r o u t i n g .  The on ly  c o n t r o l  
f o r  d i s t i n g u i s h i n g  t h e s e  processes  i s  t h e  parameter KASE. 
---- 
By s e t t i n g  KaSE = 1, t h e  programs model t h e  l abora to ry  water-  




PRESENTATION AND DISCUSSION OF RESULTS 

The eventual testing of a mathematical model is by 

the comparison of its output with the physical system output. 

Because a mathematical model usually contains some coeffi- 

cients in its mathematical equations, such a comparison would 

lead to a proper selectionof the values of these coefficients. 

However, in order to attain accurate fittings of numerical 

results with measured data under various conditions, a great 

deal of computer time would be required. This is far beyond 

the present scope of investigation. Yet, the feasibility of 

the present simulation can be demonstrated by reproducing sur- 

face runoff hydrographs of laboratory experiments. Two case 

studies are utilized to serve this purpose. In the first case, 

a short burst of heavy rainfall is applied to the basin to 





Results of runoff hydrograph routing in conceptual 

drainage basin systems are presented in Case Study 3, in which 

several computer runs are made to study runoff under variable 

combinations of basin topological network and variable geo- 

metric conditions at stream junctions. An analysis is made 
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f i r s t  from t h e  exper imenta l  d a t a  c i t e d  i n  Sec ,  2 4. A s  it 
w i b l  b e  d i scus sed  l a t e r  t h a t  t h e  computed hydrograph re-
sponds s e n s i t i v e l y  t o  t h e  C-value, a few t r i a l  va lues  a r e  i n  
g e n e r a l  necessary  b e fo r e  a reasonably  good agreement between 
t h e  computed and measured hydrographs can be ob ta ined .  For 
t h i s  c a s e  s tudy ,  43  i s  found among f ou r  t r i a l  v a l u e s  t o  g i v e  
t h e  b e s t  f i t  of t h e  s imula ted  runoff  hydrograph t o  t h e  expe r i -  
menta l  hydrograph,  
A summary of t h e  r a i n f a l l  d a t a  and o t h e r  phy s i c a l  
parameters  used i n  t h e  s imu la t ion  i s  g iven  i n  Table  2 .  By 
fo l lowing  t h e  procedure  desc r ibed  i n  Sec.  4 . 1 . 1 ,  t h e  normaliz-  
i n g  q u a n t i t i e s  f o r  t h e  dynamic wave model a r e  de r ived  and pre-  
s en t ed  i n  Table 2 a s  we l l .  
The computed hydrographs us ing  t h e  dynamic and kine- 
ma t i c  wave models a r e  p resen ted  i n  d imens ion less  form t oge t he r  
w i th  the exper imental  d a t a  i n  F ig .  1 0 .  I t  i s  seen  t h a t  t h e  
dynamic wave model appears  t o  reproduce e x c e l l e n t l y  t h e  as-
cending limb of t h e  measured hydrograph b u t  underes t imates  
t h e  r e c e s s i o n  limb somewhat. The dynamic wave hydrograph r i s e s  
s lowly  a t  t h e  beginning and then  s o a r s  s t e e p l y  t o  r each  t h e  
peak. A f t e r  t h e  peak d i scha rge  i s  passed,  t h e  f low dec reases  
r a t h e r  s h a rp l y ,  thereby  r e s u l t i n g  i n  t o o  low a t a i l  po r t i on  
of t h e  f a l l i n g  limb. Yet,  wi th  t h e  except ion  of bo th  ends ,  
t h e  runof f  hydrograph reproduced by us ing  t h e  
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dynamic wave model i s  i n  good agreement w i th  t h e  mea- 
s u r ed  v a l ue s  i n  t h e  l abo r a t o ry .  A s  f o r  t h e  kinemat ic  wave 
model, it approximates t h e  shape of t h e  r i s i n g  hydrograph 
i n  t h e  l abo r a t o ry  reasonably  w e l l ,  a l t hough  t h e  a c t u a l  v a l u e s  
a r e  c o n s i s t e n t l y  lower than  t h e  computed r e s u l t s .  The 
f a l l i n g  p o r t i o n  of t h e  k inemat ic  wave hydrograph ag rees  b e t -  
t e r  wi th  t h e  exper imenta l  d a t a  than  i n  t h e  dynamic wave c a s e .  
I t  i s  noted t h a t  t h e  hydrographs i n  F ig .  1 0  a r e  p l o t -  
t e d  i n  d imens ion less  form simply f o r  b e t t e r  f i t t i n g .  This  
d imens ion less  p l o t t i n g  i s  made because each model, i nc lud ing  
t h e  l abo r a t o ry  wate rshed ,  i nvo lves  c e r t a i n  i nhe r en t  e r r o r s  
which tend  t o  impai r  t h e  agreement between measured and repro-  
duced hydrographs.  An a n a l y s i s  of such e r r o r s  w i l l  be g iven  
l a t e r  i n  t h i s  chap t e r .  Meanwhile, f o r  comparison, t h e  a c t u a l  
v a l u e s  of  peak d i s cha rge  (Q  ) a r e  0.195, 0.193, 0 . 217  c f s  and 
P 
t ime  (t  ) a r e  50 ,  4 8 ,  and 56  seconds f o r  dynamic wave, k ine-
P 
ma t i c  wave, and l abo r a t o ry  models r e s p e c t i v e l y .  
Shown i n  F ig .  11 a r e  t h e  s tage-d ischarge  r e l a t i o n s  
ob ta ined  a t  the watershed o u t l e t  from t h e  mathematical  models. 
For  each model, t h e  r e l a t i o n  i s  a s t r a i g h t  l i n e  f unc t i on  on 
l oga r i t hm ic  p l o t t i n g .  The e f f e c t  of  loop  r a t i n g ,  i n  which 
t h e  s tage-d ischarge  r e l a t i o n  appears  a s  a l oop r  is  no t  ob-
served. The d i f f e r e n c e  between t h e s e  two r a t i n g s  i s  
probably caused .by t h e  d i f f e r e n t  se t -up  of t h e  
Figure 11. Stage-Discharge Relations for Case Study 1 
downstream boundary cond i t i on s .  A s  one may r e c a l l ,  t h e  dy- 
namic wave model u t i l i z e s  a f r e e  o v e r f a l l  cond i t i on  a t  t h e  
wate rshed  o u t l e t  f o r  s u b c r i t i c a l  f low (Sec.  4 . 1 . 3 ) .  On t h e  
o t h e r  hand, no boundary c ond i t i o n  i s  p r e s c r i b ed  a t  t h e  down- 
s t r eam s t a t i o n  f o r  t h e  k inemat ic  wave method (See. 4 . 2 . 2 ) .  
- Thus, t h e  f low dep th  computed a t  t h e  downstream boundary 
s t a t i o n  of t h e  dynamic wave model would correspond t o  a c r i t -
i c a l  dep th  when t h e  flow i s  s u b c r i t i c a l ,  b u t  would be analo-
gous t o  a normal dep th  i n  t h e  k inemat ic  wave model. S ince  no 
measurement was made on t h e  dep th  of  f low i n  t h e  l a bo r a t o r y ,  
it i s  d i f f i c u l t  t o  examine t h e  a p t n e s s  of t h i s  boundary con- 
d i t i o n  problem. 
I n  t h i s  example, t h e  i n i t i a l  dep th  of flow i s  t aken  
a s  0.0035 f e e t  and t h e  corresponding i n i t i a l  t i m e - i s  1 4 . 2  
seconds.  This  i n i t i a l  time, as  mentioned i n  Sec. 4.1.4, is 
t h e  t ime i n t e r v a l  it t ake s  f o r  t h e  r a i n f a l l  t o  b u i l d  up a s u f f i -
- d 
c i e n t  dep th  b e fo r e  flow could  a c t u a l l y  s t a r t .  Laboratory ob- 
s e r v a t i o n  con£ i r m s  t h e  s e l e c t i o n  of t h i s  v a l u e ,  However,, an 
- a t t empt- i s  a l s o  made t o - u s e  a slow s t e ady  uniform f l ow , - a s  - -  - - 
t h a t  suggested by-:Chen- and-Chow (1968) . -, -a s  t h e  i n i t i a l  flow --- 
cond i t i on .  P r a c t i c a l l y  no n o t i c e a b l e  d i f f e r e n c e  i n  t h e  r e s u l t -
i ng  hydrographs i s  observed.  The re fo re ,  it can be  reasonably  
concluded t h a t  t h e  i n i t i a l  c ond i t i on ,  a s  long a s  it i s  r a t i o n -
a l l y  assumed, would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  r e s u l t s  of 
t h e  r u n o f f  s imu la t ion .  Any e r r o r  involved i n  t h e  assumption 
of  i n i t i a l  flow c o n d i t i o n s  t ends  t o  b e  g r a d u a l l y  damped o u t  
a s  t h e  computation proceeds ,  
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I n  t h i s  example, t h e  r a i n f a l l  d a t a  and o t h e r  physi-  
c a l  parameters  a r e  t h e  same a s  t h o s e  g iven  i n  t h e  preced ing  
c a s e  e x c e p t  d u r a t i o n  of r a i n f a l l  i s  1 2 0  seconds he re .  Again, 
t h e  i n i t i a l  c o n d i t i o n s  a r e  assumed t o  be  hi = 0.0035 f e e t  and 
ti = 1 4 . 2  seconds.  The computed and measured hydrographs a r e  
p r e s e n t e d  i n  Fig .  1 2 .  Both a n a l y t i c a l  hydrographs e x h i b i t  a be-
h a v i o r  very s i m i l a r  t h a t  t h e  prev ious  case .  The agreement 
between t h e  r i s i n g  limbs of t h e  k inemat ic  and exper imenta l  hydro- 
graphs  i s  somewhat improved. I n  f a c t ,  bo th  a n a l y t i c a l  models 
overestimate the laborat~ry data near t h e  peak r a t e  of d i scha rge .  
Again t h e  two ends of t h e  computed r e s u l t s  a r e  lower t han  t h e  
v a l u e s  measured i n  t h e  l a b o r a t o r y .  
One s p e c i a l  c h a r a c t e r i s t i c  d i sp l ayed  i n  F ig .  1 2  i s  
t h a t  b o t h  t h e  s imulated and computed f lows  i n  t h e  watershed 
reach  an equ i l i b r ium s t a t e ,  a t  which t h e  r a t e  of outf low be- 
comes equa l  t o  t h e  r a t e  of i n f l ow .  Under such a c o n d i t i o n ,  
t h e r e  i s  no change i n  t h e  t o t a l  s t o r a g e  i n  t h e  watershed a s  
p r e s c r i b e d  by t h e  water  ba lance  requi rement .  For a  uniformly 
d i s t r i b u t e d  r a i n f a l l ,  which l a s t s  f o r  a s u f f i c i e n t l y  long per-  
j o d ,  a l l  p a r t s  of t h e  b a s i n  would c o n t r i b u t e  t o  t h e  flow a t  
F i gu r e  1 2 .  Computed and Exper imenta l  Hydrographs f o r  Case 
Study 2 
t h e  o u t l e t ,  t h u s  r e s u l t i n g  i n  t h e  equ i l i b r ium f low.  Y e t ,  a 
complete  equ i l i b r ium d i s c h a r g e  would be  ve ry  d i f f i c u l t  t o  
r each  i n  a c t u a l  f low systems because when t h e  ou t f low r a t e  
approaches  equ i l i b r ium,  it i n c r e a s e s  ve ry  s lowly and a long  
t ime i s  r e q u i r e d  t o  a r r i v e  a t  t h a t  s t a g e .  A s  shown i n  F i g .  1 2 ,  
t h e  exper imenta l  hydrograph seems t o  e x h i b i t  such a  p rope r ty .  
6 . 3  	 Case Study 3--Runoff Hydrograph Routing i n  Conceptual 
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The conceptua l  d r a i n a g e  b a s i n  system adopted f o r  
t h e  s i m u l a t i o n  has  t h e  geometr ic  c o n f i g u r a t i o n  a s  shown i n  
F i g .  6 .  I t  c o n t a i n s  3 s t ream reaches ,  a  Y-junct ion,  and 6 
ove r l and  flow p l a n e s ,  one on each s i d e  of each s t ream.  For 
s i m p l i c i t y ,  a l l  over land flow p lanes  a r e  assumed t o  be  iden- 
t i c a l  p h y s i c a l l y ,  w i t h  each one having a l e n g t h  of 50 f e e t  
and a s l o p e  of 1 percen t .  I d e n t i c a l  outf low hydrographs a r e  
' t h e r e f o r e  ob ta ined  f o r  t h e s e  over land f lows ,  Two computer 
runs  a r e  made t o  r o u t e  f l o o d s  through t h i s  s imple  type  of 
b a s i n  network. I n  t h e  f i r s t  r u n ,  t h e  channel  j unc t ion  does  
n o t  c o n t a i n  a  bottom d i s c o n t i n u i t y ;  and i n  t h e  second r u n ,  a 
v e r t i c a l  d rop  i s  p r e s e n t  a t  t h e  j o i n t .  The i n p u t  r a i n f a l l  
d a t a  and p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  network are l i s t e d  
i n  Table  3. 
To s t a r t  f l ood  r o u t i n g  i n  t h e  b a s i n s ,  an  i n i t i a l  

dep th  of 0.005 f e e t  i s  assumed f o r  a l l  over land f lows.  I n  


t h e  channe l s ,  s t eady  base  f lows of 1, 2 and 3 c f s  a r e  p re -
s c r i b e d  i n  reaches  1, 2 and 3 ,  r e s p e c t i v e l y  (F ig .  6 )  and t h e  
B r e s s e s s  method i s  used t o  c a l c u l a t e  t h e  i n i t i a l  flow pro- 
f i l e s  f o r  t h e  dynamic wave model. A s  f o r  t h e  kinemat ic  wave 
model, on ly  t h e  base  f lows a r e  assumed i n  t h e  r e s p e c t i v e  chan- 
n e l  r e a che s  and t h e  corresponding normal flow depths  a r e  used 
a s  t h e  i n i t i a l  f low p r o f i l e s ,  s i n c e  backwater e f f e c t  i s  n o t  
cons ide red  i n  t h e  s o l u t i o n s .  
Hypothe t ica l  r a in s to rms  of  15  inches  pe r  hour a r e  
a pp l i e d  uniformly t o  t h e  b a s i n s  t o  produce t h e  r uno f f .  The 
r a i nwa t e r  i s  c o l l e c t e d  on t h e  b a s i n s ,  conveyed v i a  t h e  s t ream 
channe l s  and f i n a l l y  reaches  t h e  b a s i n  o u t l e t .  F igu re s  13  
and 1 4  show ' t h e  d i s cha rge  hydrographs ob ta ined  a t  t h e  up- 
s t r eam s t a t i o n  and t h e  o u t l e t  of t h e  lowest  r each .  The e f f e c t s  
of f l ood  wave ' a t t enua t i on  In t h e  streams a r e  appa ren t  i n  t h e s e  
f i g u r e s  f o r  both  models. The peak d i scha rges  and t ime  t o  
peak computed by t h e  kinemat ic  wave model a r e  c o n s i s t e n t l y  
h i ghe r  and e a r l i e r  t han  t ho s e  computed by t h e  dynamic wave 
model. This  i s  because t h e  kinemat ic  f lood  waves simply cas -  
-
cade down t h e  s t reams f a s t  w i thou t  having t h e  backwater e f -
f e c t  t o  a t t e n u a t e  t h e  f l ood  waves. Consequently, t h e  
peak d i s cha rge s  occur  e a r l i e r  and l a r g e r  than t ho s e  w i t h  t h e  
c on s i d e r a t i o n  of backwater e f f e c t  a s  f o r  t h e  c a s e  of t h e  dyna- 
mic wave model. The slow-draining of t h e  f l ood  water  i n  t h e  
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Figure 14, Routed Runoff Hydrographs for Run No. 2 
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r e c e s s i o n  p o r t i o n  of t h e  dynamic wave hydrographs a l s o  i n d i -  
c a t e s  t h e  importance of t h e  backwater d e t e n t i o n  e f f e c t .  
The backwater d e t e n t i o n  e f f e c t  seems t o  be more pro- 
nounced when v e r t i c a l  d rops  a r e  p r e s e n t  i n  t h e  s t ream junc-
t i o n .  A s  shown i n  F i g .  1 4 ,  t h e  f a l l i n g  l imb of t h e  dynamic 
wave hydrographs dec reases  much slower w i t h  t h e  u s e  of Eq.  
5 9  f o r  t h e  j unc t ion  s o l u t i o n  than  w i t h  t h e  u s e  of Eq .  50  
For t h e  kinemat ic  wave model, on ly  t h e  c o n t i n u i t y  equa t ion  
( 4 9 )  i s  r equ i r ed  t o  s o l v e  t h e  f lows a t  t h e  j unc t ion  and hence 
whether o r  no t  t h e r e  i s  a  d rop  a t  t h e  j o i n t  does  n o t  a f f e c t  
t h e  s o l u t i o n .  S ince  t h e  backwater e f f e c t  i s  s i g n i f i c a n t  t o  
t h e  f l ood  r o u t i n g ,  t h e  water  s u r f a c e  p r o f i l e s  ob t a ined  a t  
va r ious  instants for the computer run  a s  shown i n  F i g .  1 4  
a r e  g iven  i n  Fig. 15. I t  i s  seen  t h a t  t h e  backvdater curve .  
g r adua l l y  ex tends  upstream a s  t i m e  goes on t o  smooth o u t  t h e  
f r e e  s u r f a c e  p r o f i l e .  
- It should b e  mentioned t h a t  f o r  t h e  cond i t i on s  test-
-
ed, the f lows  i n  t h e  stream reaches are in subc r i t i c a l  state 
-
because of smal-l bed s l ope s .  The mild  s l o p e s  a r e  used i n  o r -  
~ -
de r  t o  avoid d e a l i n g  w i t h  t h e  hyd r au l i c  jump problem,- and t o  
s tudy  t h e  backwater e f f e c t  between r eaches .  However, provi-
s i o n s  a re  made i n  t h e  dynamic wave model t o  s o l v e  super-  
c r i t i c a l  f lows a s  w e l l ,  a s  long a s  no hyd r au l i c  jump i s  pre-
sent i n  t h e  r eaches  o r  a t  t h e  s t ream junc t ion .  
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Figure 15. Flow Profiles for Run No. 2 
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A t h i r d  computer run  i s  a t tempted  t o  r o u t e  s torm run- 
r a i n f a l l  d a t a  used i n  t h i s  c a s e  a r e  t h e  same a s  t ho s e  used 
i n  t h e  prev ious  two runs .  The r e s u l t i n g  d i s cha rge  hydrographs 
a t  t h e  upstream of t h e  lowes t  r each  and a t  t h e  watershed out-  
l e t  a r e  given i n  F i g .  17 f o r  bo th  t h e  dynamic wave and kine- 
ma t i c  wave models. The rou ted  hydrographs e x h i b i t  c ha r a c t e r -  
i s t i c s  s im i l a r  t o  t ho s e  ob ta ined  i n  t h e  preceding two examples. 
But b e t t e r  agreements i n  peak d i s cha rge s  and t ime t o  peak 
a r e  a t t a i n e d  between bo th  models. This  f l ood  r o u t i n g  i s  per-
formed t o  extend t h e  s o l u t i o n s  t o  more complicated b a s i n  sy- 
stems and t o  demonstra te  t h e  c a p a b i l i t y  of t h e  models ' 
handl ing  t h e  network problem. Fu tu r e  a p p l i c a t i o n  of t h e  models 
t o  more complex p ro to type  watersheds  would b e  of p r a c t i c a l  
importance.  
6 . 4  Accuracy Analys i s  
The  accuracy of a nlmerica-l  s imula t ion  in -
vo l v e s r t h e  r e s u l t s  of  c lo senes s  of t h e  p a r t i a l  d i f f e r e n -  
t i a l  equa t ions*  i n  r ep r e s en t i ng  t h e  p hy s i c a l  system and 
of t h e  a b i l i t y  o f  t h e  numerical  scheme t o  approach t h e  
e x a c t  s o l u t i o n  of such equa t ions .  The accuracy wi th  
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Figure  16. A Two-Junction Drainage Basin Network 

which a f i n i t e  d i f f e r e n c e  s o l u t i o n  approximates t h e  analy-  
t i c a l  s o l u t i o n  depends on t h e  s i z e  of computat ional  n e t .  
i n  genexa l ,  t h e  sma l l e r  t h e  computation s t e p s ,  t h e  b e t t e r  
accuracy  one would o b t a i n  i f  numerical  s t a b i l i t y  i s  n o t  a 
problem. The v e r i f i c a t i o n  of t h e  f low t h e o r i e s  by u s ing  
l a b o r a t o r y  d a t a ,  of course ,  should i n d i c a t e  t h e  o v e r a l l  
v a l i d i t y  of t h e  mathematical  s imu la t ion .  
T h e  d i f f e r e n c e s  between t h e  computed and observed run-
o f f  hydrographs may be  a t t r i b u t e d  t o  t h e  fo l lowing  t h r e e  pro- 
b ab l e  sources: :  a )  numerical  t r u n c a t i o n  and round-off e r r o r s ,  
b )  e r r o r s  i n  t h e  eva l ua t i on  of f r i c t i o n  f a c t o r ,  and c )  expe-
r im en t a l  e r r o r s .  An a n a l y s i s  has  been made t o  check o u t  each 
of t h e s e  p o s s i b i l i t i e s  t h a t  l e ad  t o  t h e  d i s c r epanc i e s  a s  
p re sen ted  below. 
Numerical Truncat ion and Round-off E r r o r s  
I n  every numerical  i n t e g r a t i o n  scheme, a c e r t a i n  de- 
g r e e  of t r u n c a t i o n  and round-off e r r o r s  i s  expected because 
of t h e  f i n i t e  d i f f e r e n c e  approximation.  This  type  of e r r o r s  
i n  t h e  p r e s e n t  s t udy  i s  examined by comparing t h e  equ i l i b r ium 
d i s cha rge  computed by t h e  f i n i t e  d i f f e r e n c e  i n t e g r a t i o n  with 
t h e  t h e o r e t i c a l  v a l u e  t h a t  i s  ob ta ined  and used a s  t h e  nor- 
ma l i z ing  parameters .  By d e f i n i t i o n ,  a t  t h e  equ i l i b r ium 
s t a g e ,  t h e  r a t e  of outflow becomes equa l  t o  t h e  r a t e  of i n -
f low.  Therefore ,  t h e  t h e o r e t i c a l  equ i l i b r ium d i s cha rge ,  Q e r  
from t h e  watershed can be c a l c u l a t e d  by 
where r i s  t h e  r a i n f a l l  i n t e n s i t y  and AB i s  t h e  t o t a l  water-  
shed a r e a .  A s  shown i n  Case Study 2 ,  t h e  watershed runof f  
has  reached an equ i l i b r ium s t a t e  which r e s u l t s  i n  t h e  equ 
l i b r i m  d i s cha rge s  of 0.395, 0.376 and 0.363 c f s  f o r  t h e  
t h e o r e t i c a l  ( E q .  7 1 ) ,  dynamic wave, and k inemat ic  wave models, 
r e s p e c t i v e l y .  Therefore ,  t h e  e r r o r s  i n cu r r ed  which may be con-
s i d e r e d  a s  an i n d i c a t i o n  of  numerical  t r u n c a t i o n  and round-off 
e r r o r s  a r e  4 . 8%  f o r  t h e  dynamic wave model and 8.1% f o r  t h e  
k inemat ic  wave model. From a p r a c t i c a l  p o i n t  of v iewr  both  
models a r e  cons idered  t o  be  s u f f i c i e n t l y  a c c u r a t e  i n  r ega rd  t o  
t h i s  t ype  of e r r o r s .  Reducing t h e  g r i d  s i z e  and t ime s t e p  may 
improve t h e  r e s u l t s .  However, t h e  consequence of r e qu i r i n g  
cons ide rab ly  more computer t i m e  may no t  be j u s t i f i e d .  
To examine t h e  accuracy of t h e  numerical  r e s u l t s ,  t h e  
t o t a l  runoff  volume i s  checked against the i n p u t  r a i n f a l l  by 
t h e  wa te r  ba lance  concept .  The ou t f lows  a r e  accumulated dur- 
i n g  t h e  course  of computation over  t h e  maximum s p e c i f i e d  hy- 
drograph base  t i m e .  The remaining amount of wate r  l e f t  i n  t h e  
watershed i s  e s t ima ted  by assuming t h a t  t h e  runoff  would de- 
cay exponen t i a l l y  a t  t h e  end of t h e  f a l l i n g  hydrograph. 
Accord ing ly ,  
where Qt i s  t h e  f low a t  any t i m e  a f t e r  Qo, Qo i s  t h e  d i s -  
charge  a t  t h e  t e rmina t ion  of t h e  hydrograph,  and Kr i s  a 
r e c e s s i o n  c on s t a n t  less than u n i t y .  E q ,  ( 7 2 )  can be  i n t e -  
g r a t e d  t o  y i e l d  t h e  t o t a l  amount of wate r  l e f t  i n  t h e  wate r -  
shed a s  
where Sr i s  t h e  remaining s t o r a g e  i n  t h e  b a s i n .  The r e c e s -  
s i o n  c o n s t a n t  Kr i s  simply t h e  s l o p e  of t h e  s t r a i g h t  l i n e  t h a t  
i s  obtained by p l o t t i n g  t h e  dec reas ing  limb of t h e  hydro- 
graph v e r s u s  t i m e  on semi- logar i thmic paper w i t h  t h e  d i s cha rge  
p l o t t e d  on t h e  l oga r i t hmic  s c a l e .  F igu re  18 shows an exam-
p l e  of such a p l o t  de r ived  from t h e  dynamic wave s o l u t i o n s  
i n  Case Study 2 .  I t  demonstra tes  c l e a r l y  t h e  exponen t i a l  
law of f l o w  a t  t h e  r e c e s s i on  s t a g e  t h a t  i s  i n  accord w i t h  t h e .  
conven t iona l  hydrograph theory  (Chow, 1 9 6 4 )  and f i e l d  obser-  
v a t i o n s  (Barnes ,  1 9 4 0 ) .  By us ing  t h e  above-mentioned method 
and t h e  r e s u l t s  of  Case Study 2 ,  t h e  l o s s e s  between t h e  
t o t a l  i n p u t  r a i n f a l l  and outf low a r e  found t o  be  15.0 p e r c en t  
and 1 6 . 4  p e r c en t  of t h e  t o t a l  i n pu t ,  r e s p e c t i v e l y ,  f o r  
t h e  dynamic and kinemat ic  wave models. I t  i s  noted t h a t  
a l t hough  both f i g u r e s  appear t o  be r e l a t i v e l y  h igh ,  t hey  
Figure 18. Exponential Decay of Recession Part of Hydrograph, 
Dynamic Wave Model - Case Study 2 
include t h e  lumped-sum of t h e  numerical  t r u n c a t i o n  e r r o r s  
and the inaccuracy involved i n  t h e  eva l ua t i on  of the  
f low r e s i s t a n c e ,  which w i l l  be d i scus sed  i n  t h e  fo l lowing .  
Fur thermore,  t h e  assumption of exponen t i a l  decay of  t h e  
r e c e s s i o n  hydrograph may i t s e l f  i nvo lve  e r r o r .  
R ,  E r r o r s  in the Eva lu a t i on  of Friction Fac t o r  
The use  of Eqs. 8 ,  9 ,  and 10 t o  e s t ima t e  t h e  f r i c -  
t i o n  f a c t o r  may have con t r i bu t ed  l a r g e l y  t o  t h e  d i sagreement  be- 
tween t h e  computed and observed hydrographs.  I t  must be  re-
c a l l e d  t h a t  t h e s e  formulas a r e  mainly de r ived  f o r  s t e a dy  uni-  
form f low.  For unsteady watershed flow under t h e  e f f e c t  of 
r a i n d r op  impact ,  t h e s e  equa t ions ,  p a r t i c u l a r l y  t h e  c on s t a n t s  
i nvo lved ,  may no t  b e  s t r i c t l y  a pp l i c a b l e .  I n  t h e  numer ica l  
computat ion,  t h e  f i r s t  run  is normally made wi thou t  any e f f o r t  
t o  have  t h e  r e s i s t a n c e  c o r r e c t e do  The va lues  of C i n  Eq. 8 a re  
rough ly  e s t ima ted  from l abo r a t o ry  d a t a  accord ing  t o  t h e  given 
s l o p e  and r a i n f a l l  i n t e n s i t y .  A f t e r  comparisons a r e  made be- 
tween computed and measured r e s u l t s ,  t h e  va lues  of C a r e  ad- 
j u s t e d  t o  a t t a i n  t h e  bes t - f  it. The roughness s i z e  k  i s  a 
p h y s i c a l  p roper ty  of t h e  s u r f a c e  which needs no mod i f i ca t ion .  
A s e n s i t i v i t y  t es t  has  been performed t o  examine t h e  
e f f e c t  of  t h e  f r i c t i o n  c o e f f i c i e n t  on t h e  f low phenomenon by 
us ing  t h e  dynamic wave model. Th i s  i s  done simply by t ak i ng  
d i f f e r e n t  v a l u e s  of C i n  Eq, ( 8 ) ,  wh i l e  keeping t h e  remain- 
i ng  parameters  con s t an t .  An example of t h i s  t e s t  i s  shown 
i n  F i g ,  1 9 .  I t  i s  seen  t h a t  by va ry ing  C from 30  t o  5 0 ,  t h e  
peak d i s cha rge  i s  inc reased  by about  0 . 6  p e r c en t  and t h e  t ime 
-
t o  peak becomes about  2 seconds l a t e r .  But t h e  t o t a l  volume 
of runof f  i s  reduced about  4 . 2  p e r c en t  over  t h e  same pe r i od  
of t ime .  S im i l a r  changes can a l s o  b e  observed when C i s  
v a r i e d  from 50 t o  60 .  
A s im i l a r  t e s t  s f  t h e  s e n s i t i v i t y  of runoff hydrograph 
t o  t h e  f r i c t i o n  con s t an t  C i s  a l s o  a t tempted f o r  t h e  kine-  ' 
mat i c  wave model. The r e s u l t s  a r e  shown i n  F i g .  2 0 .  I t  i s  
seen  t h a t  n o t  on ly  t h e  volumes of runof f  change markedly b u t  
the peak d i s cha rge s  a r e  s o  s e n s i t i v e  t o  t h e  v a r i a t i o n  of C ,  
from 30 t o  50 and l i k ew i s e  from 50  t o  60. 
A s  i l l u s t r a t e d  i n  t h e  preced ing  ana l y s e s ,  t h e  v a l u e  of 
C (and t h e  f r i c t i o n  f a c t o r )  a l o n e  can i n f l u ence  t h e  t i m e  d i s -
t r i b u t i o n  and t h e  to ta l -arnount_of  runof f  and t h u s  maybe  p r in -  
c i p a l l y  r e spons i b l e  f o r  t h e  inaccuracy  of t h e  computed r e s u l t s .  
I t  should be appa ren t  t h a t  t h e  u s e  of Eqs. ( 8 ) ,  ( 9 )  and (10) 
t o  e v a l u a t e  t h e  f r i c t i o n  f a c t o r  f o r  unsteady s p a t i a l l y  va r -  
i e d  f low is  i n s u f f i c i e n t .  Although l abo r a t o ry  i n v e s t i g a t i o n s  
have been performed t o  de te rmine  t h e  e x p l i c i t  f u n c t i o n a l  r e -  
l a t i o n s h i p  among t h e  f r i c t i o n  f a c t o r ,  Reynolds number, Froude 
number, o r  bed s l ope ,  and r a i n f a l l  i n t e n s i t y ,  a c cu r a t e  and ac-  
c ep t ab l e  exp res s ions  f o r  r e s i s t a n c e  t o  unsteady watershed flow 


a r e  y e t  t o  be developed.  Un t i l  t h e  problem of p r e c i s e l y  
e s t ima t i n g  t h e  f r i c t i o n  r e s i s t a n c e  i s  f u l l y  r e so l ved ,  t h e  
improvement on t h e  accuracy of a mathematical  runof f  model 
would be d i f f i c u l t  t o  a t t a i n ,  Much of t h e  succes s  of  a 
mathemat ical  model i s  dependent on t h e  c o r r e c t  de t e rmina t ion  
of t h e  f r i c t i o n  r e s i s t a n c e ,  
From t h e  foregoing  s e n s i t i v i t y  t es t s ,  on ly  t h e  peak 
d i s c h a r g e s  ob ta ined  by t h e  dynamic wave model a r e  found t o  
be  r e l a t i v e l y  i n s e n s i t i v e  ( l e s s  t han  1 pe r cen t  v a r i a t i o n )  
t o  t h e  v a r i a t i o n  of t h e  C-value. Consequently,  t h e  peak 
d i s c h a r g e  w i l l  be  used l a t e r  a s  t h e  parameter i n  t h e  s tudy  
of r a i n f  a l l - r uno f f  r e l a t i o n s h i p  (Sec.  6 . 6 )  . 
C .  Experimental  E r r o r s  
The exper imenta l  e r r o r s  a r e  another  p o s s i b i l i t y  of  
caus ing  t h e  d i sc repancy  between t h e  computed and observed 
va l ue s .  I t  i s  u s u a l l y  a  b u i l t - i n  f unc t i on  of t h e  system 
ins t rumen ta t ion .  E r r o r s  involved i n  t h e  process  of  d a t a  r e -  
d u c t i o n  may a l s o  be  c l a s s i f i e d  i n  t h i s  ca t ego ry .  A s  a n  ex-
ample, t h e  observed peak d i scha rge  i n  Case Study 2 i s  found 
t o  exceed t h e  t h e o r e t i c a l  equ i l i b r ium d i scha rge  by 9 . 7  p e r c en t ,  
and an equ i l i b r ium s t a t e  has  never been reached.  This  sug- 
ge .s ts  t h a t  some of t h e  r a ind rop  modules might n o t  have 
ope ra t ed  p rope r ly .  However, i n  most of the r u n s ,  the 
exper imenta l  e r r o r s  have been e s t ima ted  t o  be l e s s  t h an  5 % .  An 
ex t e n s i v e  exper imenta l  d a t a  c o l l e c t i o n  program has  been com-
p l e t e d  and d e t a i l e d  d a t a  a n a l y s i s  of  t h e  l a bo r a t o r y  watershed 
runof f  i s  c u r r e n t l y  under way a t  t h e  Un ive r s i t y  of I l l i n o i s ,  
which should supply a g r e a t  d e a l  of  in format ion  on t h e  expe r i -  
menta l  a spec t s  of  r a i n f a l l - r u no f f  r e l a t i o n s .  
6 . 5  valuation of t h e  Mathematical  Models 
S ince  t h e  computation scheme, g r i d  s i z e  and t h e  c o e f f i -  
c i e n t s  used a r e  t h e  same f o r  bo t h  t h e  dynamic and k inemat ic  
wave models, a d i r e c t  comparison of t h e i r  r e s u l t s  i s  poss i -
b l e .  From t h e  r e s u l t s  of t h e  preced ing  t h r e e  c a s e  s t u d i e s  and 
the accuracy a n a l y s i s ,  it i s  q u i t e  c l e a r  t h a t  t h e  dynamic 
wave model s imu la t e s  t h e  l a bo r a t o r y  watershed runof f  more 
c l o s e l y  t han  t h e  kinemat ic  wave model. This  i s  n o t  s u r p r i -
s i n g  because t h e  u s e  of t h e  approximate equa t ion  of motion 
i n  the l a t t e r  model, wh i l e  it f u r n i s h e s  good results i n  
some c a s e s ,  causes  s e r i o u s  e r r o r s  i n  o t h e r s .  A f u r t h e r  exami- 
n a t i o n  of t h e  kinemat ic  c h a r a c t e r i s t i c  shows t h a t  by assum-
ing  t h a t  t h e  waves p rog res s  on ly  i n  t h e  downstream d i r e c t i o n ,  
t h e  e f f e c t  of t h e  downstream boundary i s  complete ly  neg lec t ed .  
his would c e r t a i n l y  f a i l  t o  r e f l e c t  t h e  a c t u a l  s i t u a t i o n s  
where t h e  propaga t ion  of waves upstream i s  a s  v i t a l  a s  t h e  
p ropaga t ion  downstream. For example, i n  f low behind a dam, 
a t  a 	 j u n c t i o n  of two s t reams and even a t  a f r e e  o v e r f a l l  
s e c t i o n  such a s  t h a t  used i n  t h e  p r e s e n t  c a s e ,  t h e  r e f l e c -  
t i v e  waves moving upstream and consequent ly  t h e  backwater 
bu i ld -up  would d e f i n i t e l y  have cons ide rab le  e f f e c t  on t h e  
f low c h a r a c t e r i s t i c s .  Therefore ,  d i s r e g a r d i n g  such r e f l e c -  
t i o n s  cannot  be j u s t i f i e d .  There should be ,  t h e n ,  l i t t l e  
doubt t h a t  t h e  dynamic wave model i s  g e n e r a l l y  more a c c u r a t e  
and f e a s i b l e  f o r  t h e  watershed runoff  s imu la t ion .  However, 
t h e  k inemat ic  wave model does have an advantage of r e q u i r -
ing  less computer t i m e  over t h e  dynamic wave model. For 
example, t h e  computer t ime (CPU)  r e q u i r e d  f o r  c a l c u l a t i n g  t h e  
hydrographs a s  shown i n  Case Study 2 i s  1.05 and 0 . 6 5  minutes 
f o r  dynamic wave and kinemat ic  wave models r e s p e c t i v e l y .  I n  
g e n e r a l ,  sav ings  of up t o  one- th i rd  of computation t i m e  could 
be  a t t a i n e d  by us ing  t h e  kinemat ic  wave model. 
6 . 6  	 Analys i s  of Rainfall-Runoff Re la t ionsh ip  us ing  t h e  Dyna- 
mic  Wave Model -
Most engineer ing  des igns  a r e  mainly concerned w i t h  t h e  
peak d i s c h a r g e ,  f o r  it provides  t h e  most conse rva t ive  des ign  
c r i t e r i o n .  A s  demonstrated above, t h e  peak d i scha rges  ob- 
t a i n e d  from t h e  dynamic wave model a r e  r e l a t i v e l y  s t a b l e  w i th  
r e s p e c t  t o  t h e  v a r i a t i o n  of t h e  C-value. Therefore ,  t h e  runoff  
a n a l y s i s  made h e r e  w i l l  c on s i d e r  only  t h e  peak d i s cha rge  and 
on ly  t h e  dynamic wave model w i l l  be used.  Among t ho s e  f a c t o r s  
a f f e c t i n g  watershed r uno f f ,  f o u r  of them w i l l  r e c e i v e  s p e c i a l  
c on s i d e r a t i on s ;  namely, r a i n f a l l  i n t e n s i t y ,  du r a t i on ,  bed 
s l o p e ,  and s u r f a c e  roughness. 
Shown i n  Fig.  2 1  i s  t h e  e f f e c t  o f  r a i n f a l l  i n t e n s i t y  
on t h e  peak d i scha rge .  Also shown a r e  a few exper imenta l  runs .  
For  a  g iven  b a s i n  under r a in s to rms  of a g iven  d u r a t i o n ,  t h e  
r e l a t i o n  between peak d i scha rge  and r a i n f a l l  i n t e n s i t y  appears  
roughly a s  a s t r a i g h t  l i n e  on l oga r i t hm ic  s c a l e s .  A s im i l a r  
p l o t t i n g  was a l s o  a t tempted on r e c t a ngu l a r  coo rd ina t e s  b u t  
it f a i l e d  t o  show such a s t r a i g h t  l i n e  r e l a t i o n s h i p .  This  i n -  
d i c a t e s  t h a t  t h e  a c t u a l  watershed runof f  i s  indeed & non-
l i n e a r  p roces s  which may n o t  be  s u f f i c i e n t l y  s imula ted  by a 
l i n e a r  f u n c t i o n a l  r e l a t i o n s h i p  such a s  t h e  r a t i o n a l  formula 
and t h e  u n i t  hydrograph theo ry .  For  a non l i n ea r  system (water-
s h e d ) ,  it may be p o s s i b l e  t o  r e l a t e  t h e  ou t pu t  (peak d i scha rge )  
t o  t h e  i n pu t  ( r a i n f a l l  i n t e n s i t y )  by a  power exp res s ion ,  i.e. , 
where Q i s  the peak d i scha rge  and a  and n a r e  con s t an t s .  
P 
With n equa l  t o  unity, such as i n  the c a s e  of u n i t  hydrograph 
t h eo ry ,  system rep re sen ted  by E q .  74  becomes a l i n e a r  system, 
and t h e  p r i n c i p l e  o f  s upe rpo s i t i on  i s  app l i c ab l e .  F i t t i n g  E q .  
74  t o  t h e  computed r e s u l t s  as  shown i n  F ig .  2 1  f o r  1 2 0  s e c  
Durat ion = 6 0  sec 
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Figure 21. E f f e c t  of Ra i n f a l l  Intensity on Peak Discharge 
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du r a t i o n ,  t h e  c on s t a n t s  a and n a r e  found t o  be 0 . 0 2 1 1  and 1 . 2 2  
r e s p e c t i v e l y .  Therefore ,  when t h e  u n i t  hydrograph theo ry  i s  
used t o  p r e d i c t  t h e  peak f low from a  wate rshed ,  E q .  ( 7 4 )  
can be  reasonably  u t i l i z e d  t o  account  f o r  t h e  non - l i n e a r i t y  
- of  t h e  runof f  caused by t h e  e f f e c t  of r a i n f a l l  i n t e n s i t y .  
The e f f e c t  of r a i n f a l l  d u r a t i o n  on t h e  peak d i s cha rge  
i s  i n d i c a t e d  i n  F i g .  2 2 .  . I t  shows a concave curve  which 
approaches  a sympto t i ca l ly  t o  t h e  equ i l i b r ium d i scha rge  a t  t h e  
upper end. Although t h e  exper imenta l  r e s u l t s  c o n s i s t e n t l y  
g i v e  h ighe r  peaks ,  they  have confirmed very  we l l  such an e f -
f e c t  a s  r ep r e s en t ed  by t h e  cu rve  shown i n  F ig .  2 2 .  
To s tudy  t h e  i n f l u ence  of bed s l o p e  on t h e  peak d i s cha rge ,  
two s l o p e s  a r e  cons idered :  t h e  channel  s l o p e  and t h e  over land 
s lope .  F igu re  2 3  shows q u i t e  c l e a r l y  t h e  d i f f e r e n c e  between 
t h e i r  i n d i v i d u a l  e f f e c t s .  The v a r i a t i o n  of the peak d i s -  
charge  w i t h  channel  s l ope  i s  r a t h e r  mild .  But such change 
becomes s u b s t a n t i a l  f o r  vary ing  over land  s l ope ,  probably be-- - . -
cause  of t h e  fact t h a t  t h e  major p o r t i o n  of runoff  i s  o r i g i -
nated and conveyed over t h e  over land  phases .  A t  l a r g e  over-  
l and  s l o p e s ,  t h e  water  i s  qu ick ly  emptied i n t o  t h e  channe l ,  
thereby  r e s u l t i n g  i n  high peaks.  These r e s u l t s  s t r ong ly  in -  
d i c a t e  t h a t  bo th  t h e  a n a l y t i c a l  models and l abo r a t o ry  model 
behave l i k e  a  s m a l l  watershed,  i n  which t h e  over land flow 
c on t r i b u t i o n  i s  a t t enua t ed  inadequa te ly  by t h e  channel .  Run-
o f f  from such a sma l l  watershed i s  normally s e n s i t i v e  t o  
Rain fa l l  mrat ion ,  second 
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f a c t o r s  a f f e c t i n g  over land  f low,  
There  i s  no d e f i n i t e  p a t t e r n  which could show t h e  
change o f  peak flow caused by v a r i a b l e  s u r f a c e  roughness 
i n  t h e  r ange  of k-value f o r  which t h e  model i s  t e s t e d .  I n  
g e n e r a l ,  h ighe r  peaks may be expected wi th  dec reas ing  rough- 
n e s s  i n  s t e ady  f low cases .  However, f o r  an unsteady water-  
shed r u n o f f ,  s o  many f a c t o r s  a r e  i n t e r a c t i n g  and c on t r i b u t -  
i n g  p a r t i a l l y  t o  t h e  r e s u l t i n g  f low t h a t  un l e s s  t h e  problem 
of e s t ima t i n g  f low r e s i s t a n c e  i n  t h e  watershed can be  c l a r i -  
f i e d ,  such a s tudy  would n o t  be  meaningful .  
6 . 7  Fu t u r e  App l i ca t ion  of t h e  Mathematical Runoff Models 
T o  s tudy  watershed runoff  problem by means of mathe- 
m a t i c a l  modeling has  been common i n t e r e s t  f o r  many hydrolo- 
g i s t s  and c i v i l  eng ineers  i n  r e c e n t  y e a r s .  I f  a  model i s  
g e n e r a l l y  a pp l i c a b l e ,  it can be  used w i t h  ea se  t o  p r e d i c t  
runo f f  any r a i n f a l l  by a sequence of mathe- 
m a t i c a l  c a l c u l a t i o n s .  With t h e  a i d  of modern high-speed com-
p u t e r s ,  such computations a r e  f e a s i b l e  and p r a c t i c a l .  I t  
i s  t h e r e f o r e  t h e  main o b j e c t i v e  of t h i s  s tudy t o  develop and 
e v a l u a t e  such a n a l y t i c a l  models. 
The mathematical  models used i n  t h e  p r e s en t  s tudy  have 
s u c e s s f u l l y  reproduced t h e  l abo r a t o ry  runoff  hydrographs 
under v a r i a b l e  cond i t i ons .  Although s t i l l  s u b j e c t  t o  s e v e r a l  
c o n s t r a i n t s ,  both  t h e  dynamic and kinemat ic  wave models a r e  
-- - 
cons ide red  g en e r a l l y  f e a s i b l e  f o r  t h e  s imu la t ion  of  t h e  l abo r -  
a t o r y  watershed r uno f f .  The dynamic wave model has  been 
found c o n s i s t e n t l y  more a c c u r a t e  and s a t i s f a c t o r y  t h an  t h e  
k inemat ic  wave model. Yet ,  t h e  problem of de te rmin ing  t h e  
f low r e s i s t a n c e  t o  t h e  d e s i r a b l e  deg ree  of accuracy must be  
r e so l ved .  On t h e  o t h e r  hand, a l though  t h e  kinemat ic  wave 
model i s  normally l e s s  a c c u r a t e ,  it may s t i l l  be  u s e f u l  i n  
t h e  s imu l a t i on  of f lows such a s  t h e  over land flow i n  which 
t h e  downstream wave r e f l e c t i o n  and backwater e f f e c t  a r e  n o t  
s o  s i g n i f i c a n t .  
The r e s u l t s  ob ta ined  from t h e  hydrograph r o u t i n g  i n d i -
c a t e  t h a t  t h e  mathematical  model and t h e  r educ t i on  scheme are 
capab le  of handl ing  s u r f a c e  runof f  problems i n  complicated 
d r a i n age  b a s i n  systems.  Geomorphological v a r i a t i o n  i n  natu-
r a l  b a s i n s  can b e  d e a l t  w i t h  by s e l e c t i n g  t h e  sub-basins  so  
t h a t  phy s i c a l  c h a r a c t e r i s t i c s  w i t h i n  each sub-basin can be 
assumed e s s e n t i a l l y  homogeneous. I t  f a c t ,  it i s  p o s s i b l e  t o  
have a sub-basin i n  which on ly  over land  o r  channel  f low e x i s t s  
s i n c e  the hydrodynamic equa t ions  (and t h e  mathemat ical  models) 
a r e  equa l l y  a pp l i c a b l e  t o  over land  f low and channel  f low. 
Fu tu r e  a pp l i c a t i o n  of t h e  r o u t i n g  model t o  p ro to type  d ra inage  
b a s i n s  w i l l  b e  p o s s i b l e  when s u f f i c i e n t l y  d e t a i l e d  and ac-
c u r a t e  hydrologic  d a t a  become a v a i l a b l e .  The unsteady 
a s p e c t s  of hydro log ic  p rocesses  such a s  t h e  backwater f lood-  
i n g  e f f e c t  i n  t h e  upstream t r i b u t a r i e s  of an impounding re-
s e r v o i r  i n  c a s e  a  p robable  maximum p r e c i p i t a t i o n  may a l s o  be  
i n v e s t i g a t e d  by u t i l i z i n g  t h e  mathematical  models developed 
i n  t h i s  s tudy .  This  kind of  in format ion  i s  c u r r e n t l y  unava i l -  
able and  u rgen t l y  needed i n  t h e  f i e l d  of p r a c t i c a l  hydrology.  
The mathematical  models developed i n  t h i s  s t u dy  a r e ,  
of  cou r s e ,  n o t  y e t  p e r f e c t  because,  among o t h e r  l im i t a t i o n s ,  
t h e  problem of moving hyd r au l i c  jumps i s  n o t  d e a l t  w i t h .  For 
sma l l  watersheds  r e c e i v i ng  i n t e n s e  r a i n f a l l ,  t h e  runof f  i n  
t h e  unde l inea t ed  channel  i s  h igh ly  v a r i e d  wi th  d i s t a n c e  
a long  flow d i r e c t i o n .  Under t h i s  cond i t i on ,  hyd r au l i c  jumps 
may t a k e  p l a c e  and move a long t h e  channel .  So l u t i on s  o f  t h e  
f low equa t ions  by us ing  t h e  method of c h a r a c t e r i s t i c s  would 
b e  i n v a l i d  ac ros s  a  hyd r au l i c  jump. Therefore  a s p e c i a l  t r e a t -  
ment on  t h e  s o l u t i o n  of flow cond i t i ons  would be  necessary  
-
when a hyd r au l i c  jump i s  p r e s e n t  i n  t h e  f low domain. However, 
t h e  c on s i d e r a t i o n  of such a s o l u t i o n  i s  t o o  complicated and 
i s  f a r  beyond t h e  scope of the p r e s e n t  s tudy .  Aside from 
t h i s  l im i t a t i o n ,  t h e  mathematical  models a r e  b e l i eved  t o  be  
g e n e r a l l y  app l i c ab l e  t o  s o l v i ng  unsteady runoff  problems i n  
watersheds .  
Chapter 7 
CONCLUSIONS 
The p r e s e n t  s tudy  c o n t a i n s  two s p e c i a l  f e a t u r e s  i n  
t h e  modeling of watershed runoff  p rocess :  ( a )  s o l u t i o n  of 
t h e  complete and s i m p l i f i e d  hydrodynamic equa t ions  f o r  un-
s t e a d y  f low,  and (b )  a p p l i c a t i o n  of t h e  dynamic wave model -
t o  r o u t e  ou t f low hydrographs from conceptua l  d r a i n a g e  b a s i n s .  
The numerical  models a r e  solved by an e x p l i c i t  c h a r a c t e r -  
i s t i c  method. Laboratory d a t a  a r e  u t i l i z e d  t o  examine t h e  
v a l i d i t y  and a p p l i c a b i l i t y  of t h e  models. I n  t h e  s tudy  of 
hydrograph r o u t i n g ,  t h e  geomorphological complex i t i e s  a r e  
d e a l t  w i t h  by d i v i d i n g  t h e  b a s i n s  i n t o  e lementary sub-basins .  
Within  each sub-basin ,  t h e  r a i n f a l l  and p h y s i c a l  c h a r a c t e r -  
i s t i c s  of t h e  s u r f a c e  a r e  assumed t o  be  s p a t i a l l y  uniform. 
Aside from some d i f f i c u l t i e s  t h a t  a r e  i n h e r e n t  i n  t h e  numer- 
i c a l  s o l u t i o n s ,  t h e  proposed models a r e  cons idered  t o  b e  
g e n e r a l l y  f e a s i b l e  and accu ra t e .  
From t h e  r e s u l t s  ob t a ined  i n  v a r i o u s  phases  of t h i s  
s t u d y ,  t h e  fo l lowing  conc lus ions  can be summarized: 
1. 	 The s imu la t ion  of l a b o r a t o r y  watershed runoff  
by us ing  dynamic and kinemat ic  wave models i s  
s u c c e s s f u l ,  w i t h  t h e  dynamic wave model con-
s i s t e n t l y  producing b e t t e r  r e s u l t s .  The 
kiiematic  wave model,  on t h e  o t h e r  hand, re-
q u i r e s  l e s s  computer t ime  and can  b e  u t i l i z e d  
economical ly  t o  s o l v e  f low problems i n  which 
downstream e f f e c t  i s  n o t  s i g n i f i c a n t -
2 .  Unique s t age -d i s cha rge  r e l a t i o n s h i p s  on l o g a r i -
thmic p l o t t i n g s  a r e  ob t a ined  from bo t h  ana ly -  
t i c a l  models.  The s e t u p  of boundary c o n d i t i o n s  




The numer ica l  t r u n c a t i o n  and round-off  e r r o r s  
- - - - - - - .- . - - - .. - - -
r e s u l t i n g  from f i n i t e  d i f f e r e n c e  c a l c u l a t i o n s  
a r e  found t o  b e  l e s s  t h an  5 p e r c e n t  f o r  t h e  
dynamic wave model and abou t  8 p e r c e n t  f o r  the 
kinemat ic  wave model.  
-- 
4 .  
- - 
Accura te  e s t ima t i o n  of t h e  f r i c t i o n  f a c t o r  i s  
e s s e n t i a l  t o  a t t a i n i n g  - s a t i s f a c t o r y  r e s u l t s .  
- " .
-
T h e  t ime  d i s t r i b u t i o n  and volume of  r uno f f  a r e  
found t o  be  h i g h l y  s e n s i t i v e  t o  t h e  v a r i a t i o n s  
of C-value i n  Eq. ( 8 ) .  But t h e  peak d i s c h a r g e  
- - -  
- - 
- -- 
- - -- -- - - - 
- - - - - - - - - 
ob ta ined  by t h e  dynamic wave m o d e l - i s  found t o  
-	 be r a t h e r  i n s e n s i t i v e  t o  such changes w i t h i n  a 
c e r t a i n  range of C .  
- - - ...?+-**--
. 	 - - - -




the 	t a i l  ends of t h e  r e c e s s i o n  hydrographs de- 





cay exponen t i a l l y .  Th i s  conf i rms t h e  t h e o r e t -  
i c a l  c o n s i d e r a t i o n ' a n d  f i e 1  
such a behavior  i n  hydrograp 
6. 	The r e l a t i o n  between peak d i scha rge -and  r a i n -  
f a l l  i n t e n s i t y  appears  t o  b e  l i n e a r  on loga-
-	 . .  r i t h m i c  s c a l e s .  However, - r e s u l t s  a-lso i-ndi- 
c a t e  t h a t  t h e  watershed runof f  i s  indeed a non-
l i n e a r  system p roces s ,  _ _ - -
7 .  	 Peak d i s c h a r g e  i s  found t o  i n c r e a s e  w i t h  r a i n -  
f a l l ,  d u r a t i o n  u n t i l  t h e  equ i l i b r ium r a t e  i s  
readheam g u t  such changes a r  even 
on log-log s c a l e s .  
-
- - - - - - -- -	 - "  -
-
- - - 8 . - : I n  t h e  d ra inage  a r e a  t e s t e d ,  t h e  e f f e c t  of  
lateral s l o p e  on t h e  peak r a t e  i s  more pronounc- 
ed than  t h a t  of t h e  channel  s lope .  A t  l a r g e  
over land  s l o p e s ,  t h e  water  
ed over  and emptied from t 
y i e l d i n g  h igh  peak d i scha rges .  Both t h e  
mathemat ical  models and t h e  l a b o r a t o r y  watershed 
behave l i k e  sma l l  watersheds  i n  which t h e  t o t a l  
runoff  from $he b a s i n  i s  more s e n s i t i v e  t o  
f a c t o r s  a f f e c t i n g  over land  flow than  t h a t  a f -  
f e c t i n g  channel  f low. 
9 .  	 The f l o o d  r o u t i n g  models a r e  s a t i s f a c t o r i l y  used 
t o  i n t e g r a t e  ou t f low hydrographs from complex 
d ra inage  systems.  They a r e  capable  of  handl ing  
t h e  complicated geomorphological cond i t i ons  of 
t h e  b a s i n s  and i n  t h e  c a s e  of t h e  dynamic wave 
model, i n c o r p o r a t i n g  backwater e f f e c t  a t  t h e  
s t ream junc t ions  t h a t  have v a r i a b l e  combinations 
1 0 ,  	 Experimental  i n v e s t i g a t i o n s  a r e  be l i eved  t o  be 
most u rgen t ly  needed t o  develop a c c u r a t e  and ae- 
c e p t a b l e  express ions  o f  f r i c t i o n  f a c t o r  f o r  un- 
s teady  watershed flow i n  t e r m s  of t h e  governing 
parameters .  Much of t h e  success  of a mathema- 
t i c a l  model i s  dependent on t h e  c o r r e c t  determin- 
a t i o n  o f  t h e  f low r e s i s t a n c e .  
When t h e  problem of  e s t i m a t i n g  t h e  f low r e s i s t a n c e  i s  
r e so lved ,  and when s u f f i c i e n t l y  d e t a i l e d  and a c c u r a t e  hydro log ic  
d a t a  become a v a i l a b l e ,  t h e  a p p l i c a t i o n  of t h e  proposed mathema- 
t i c a l  models t o  p ro to type  b a s i n s  should be  of p r a c t i c a l  impor- 
t a n c e .  
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Appendix A 

EVALUATION OF FRICTION FACTOR f 

TO 	evaluate the Darcy-Weisbach friction factor f 

-. 




1. 	From the given roughness of the surface tex-
ture, k, and hydraulic radius, R, Eqs. (8) 
and ( 9 ) ,  and Eqso (8) and (10) are solved 
in pair to obtain the critical Reynolds 
numbers Rcl and Rc2, respectively, (Fig. 2) 
as 
2 
= C(2 log ? +  1.74)Rc 2 

2. 	 Compare Rcl with Rc2 to determine whether Eq. 

(9) will be applicable. If Rcl < Rc2 (Case 
1), Eq. (9) will be used. Otherwise, when 
only Eqs. (8) and (10) will be Rcl 	> 
applicable (Case 2). 
3 .  	 Compute the Reynolds number by lR = vR/v. 
4. 	 For Case ,l (Rcl < Rc2) ,  the Reynolds number 
IR is compared with R If IE? < Rcl! Eq. 
--cle 

(8) is used to calculate f. If B > Rcl, go 
to step 5. For Case 2 (Rcl i Rc2 j  W is 
compared w i t h  R If IR < RczF  Eq. (8) is
~ 2 "  




Calculate the critical Reynolds 





= 0.663 (log % +  0.07)Rc3 
Then compare= with Rc3* If IR 
is used. If IR > Rc3' Eq. (10) 
THE COMPUTER PROGRAM FOR THE 

o l u ti o n  
i s  given,  
5. 	 INTPTS - s o l u t i o n  of v e l o c i t i e s  and depths a t  c e n t r a l  

s t a t i o n s  

5 .  JUNC - so lve  junc t ion  depths and v e l ~ c i t i e s  
7. PASS - c a l c u l a t e  depth and v e l o c i t y  using Eqs. 2 4  and 2 
8. PROFIL -	 c a l c u l a t e  flow p r o f i l e  by t h e  Bresse? method 
9 .  EVLA - c a l c u l a t e  A t  
10. OUTPUT - p r i n t  o u t  r e s u l t s  	 ,--
11. FRIC - e v a l u a t e  f  
- > 
1 2 .  -.DXI-	 each reach c a l c u l a t e  d i s t a n c e  from upstream of -
13. CHARAC - c a l c u l a t e - v L ,  cL, vR, cR i n  Eqs. 23-26 using -
-
l i n e a r  i n t e r p o l a t i o n .  
1 4 .  UPBDY -	 c a l c u l a t e  upstream depths  and v e l o c i t i e s  
15. DNBDY -	 c a l c u l a t e  downstream depths and v e l o c i t i e s  
:< =- . ' 
15. CONTY -	 calculate flow depth using continuity equation 
1 7 .  C R I S E C  - l o c a t e  c r i t i c a l  s e c t i o n  
" A -
18. OUTLET - c a l c u l a t e  o u t l e t  depth and v e l o c i t y  using normal 
flow condi t ion .  






SZ (  ) 





v (  ,Y( 
YMIN 
MSS, W N  
KASE 
= t o t a l  a r e a  of  b a s i n  network 
= maximum hydrograph ba s e  t i m e  
= dimensionless  parameters  
= dimensional  i n p u t  d a t a  
= bed s l o p e  f o r  each r each  
= t op  width  f o r  each reach  
= l a s t  flow no, of  over land  and channel  f lows ,  
r e s p e c t i v e l y  
= 	s t a t i o n  noB a t  downstream of each f low 
= 	C-values w i t h  r a i n  f o r  over land and channel  
f lows ,  r e s p e c t i v e l y  
- i n  Appendix A f o r  over land  and channel  
- Rc l  
f lows ,  r e s p e c t i v e l y  
= k f o r  over land  and channel  f lows ,  r e s p e c t i v e l y  
= d i scha rges  a t  o u t l e t  a t  t ime t and t + A t ,  
r e s p e c t i v e l y  -
= s t a t i o n  no, a t  watershed o u t l e t  
= normal depths  and v e l o c i t i e s  i n  channels  
= dimensionless  flow v e l o c i t y  and dep th  
= dimensionless  minimurn flow depth 
= counte rs  f o r  p r i n t o u t  of  r e s u l t s  
= parameter ,  = 1 f o r  l abo r a t o ry  watershed f low,  
= 2 f o r  r ou t i ng  i n  b a s i n  network 
= equ i l i b r ium d i scha rge  
FTEST(  ) Z - p  - 1 
DXE = dimensionless d i s t ance  from upstream of each 
reach t o  t h e  s t a t i o n  i n  computation 
AREA=524,/6 528e* 528,) 

T f = 5 0 0 a  





E N D  
B L O C K  DATA --- _ _ _ 

COMMON / P B R A Y / W 4 2 5 8 ~ B ( 2 5 b r D T v S E 4 Q l p T C P ~ 6 l B X W i D X ~ N ~ V ~ R C ~ L N ~ 6 1  

COfulYQRd / C O E F / C C Q  PCCCr R C O o R C C  rCKOt CKC 1
IDOROP/DN~DPBQ84/OSASE~6 

COPMON / S V O W / Q C ~ T H M E I Q ~ Q L ~ I O U ~ A  

DATA R ~ H 8 1 5 ~ s 1 0 0 ~ ~ 2 4 e r 0 ~ 0 0 0 5 t 2 * O e o ~ ~ 
9 0 e t 1 s 2 1 E ~ Q 5 9 0 e 0 0 0 5 ~ 0 e 0 0 2 9  
12~8, ,4,0t  l ~ r 2 ~ 0 ~ o 1 ~ 0 ~ 4 * 0 ~ r 1 5 ~ 1 O o Q O 5 ~ Q o O O ~ f ~ 2 2 * O o t O ~ 2 ~ O e O 5 ~ O ~ O 2 /  

DATA SEITOQ/Q*OI~ 2 + 0 ~ 0 Q 2 t 2 ~ c P ~ O 0 1 ~ 8 s O Q O 5 ~ ~ ~ ~ 2 * 4 ~6 e
~ ? + e O v 6 a i  
UABA D X c N O V v N C ~ k N ~ T ~ M E p D U R A ~ O ~ O 5 ~ 1 ~ b t F ~ t 5 ~ 2 1 ~ ~ ~ ~ 3 O o ~  

DATA C N p 0 P , Q B A S E / 3 * D e . P e C P ~ 1 - 5 * 2 e 5 ~ 1 a 5 e 4 e 8 i  

D A T A  C C O ~ C C C r R C ~ r R C C ~ C K U ~ C K C ~ 4 5 o ~ k , Q ~ ~ 1 1 8 4 ~ ~ 1 0 ~ 2 ~ ~ 0 ~ ~ 0 ~ ~ 0 ~ 0 0 2 0 ~  

END 
S U S Q O I J TI N F  I P4 I C OF-1 ( K  I 

n r M m s I o k ~ V V ( B ) o ~ ~ ( b ~ 

C O n M n b i  V 1 7 1 r 6 9 t 1 9 Y ( 2 1 9 h ~ 2 )/ S T P ~ / R O ~ Y I M E ~ ~ ~ L L ~ B ~ ~ I J R A/ O P A / ~ " S E ( ~ )  

CC1MMnr i  \ P A F A M / ' H ( ? ~ ) r b ( 1 ! i ) y f ' T r 5 7 ( b l  9 T O P ( C )  / X 1 A 1 / 1 7 X  , r . ' n V , N C , L N ( h )  

C O V P P N  / c ~ F F / C C O ~ C C C I R C O , R C Cp C Y O $ C K C  / Y M I / Y M I N  / D D A O P / D N , Q ~  

Y I = P * ( 2 4 ) * ~ ( 5 I / R ( ? n l  

Y M Y h I = P ( 2 5 1 + H ( 5 l / P ( 7 n )  
L L I = L F J ( h l C I  

LL=Ler I ) 

no 9 9  I - 1 9 L L  
a V (  	1 9 1  g I ) = " .  
7 9  Y Q P s ! , P ) = Y I  
I F ( #  b ~ 1 1  ,~ Gn ~n s 
R)Fc=h!ov+ 1 

D O  l P 1  N N = N B C $ N C  

N = ~ ~ C - N ~ + N F C  

C A L L  Q F F E Q ~ Q R A ~ E ( ~ ~ )  B ~ Y $ 2 ) 
~ N , \ I V ( ~ J )  ( P I )  

T % ( N  e L T ,  Y l  Cn T Q  )PC? 

C A L L  P R Q F I L ( Y Y ( N C IB Y Y  9 0 ~ ~ c ; e ( ~ . i ~ 
* N B  
G O  fy, i n !  
% f 7 O  C A L L  P R O F I L ~ Y P B P 4 ~ l ) + ~ ( 2 1 ? ) O Y ~ ~ i \ 1 ) 9 ~ B A S E ~ N l ~ N l  
401 Q B ~ ~ F ( ~ ~ ) = O R A S E ~ N ) / ( B ( ~ ~ ? ) * R ~ ~ )1 
G O  7-0 9 

5 DO 7 I = l , L C l  

V ( 1 , ~ C p f) = O o  

7 Y ( I 9 N C , l l = Y I  

9 	f I Y E = P ~ 2 4 1 + B ( 6 1 / ( R ( 1 ) ~ ~ ~ ~ 2 1 ) * ~ ' 3 ~ P r ! ~  

P T = T  M F  

CALL G F O M ( l ~ L : L I ~ A y Y ( ~ L l ~ b l C ~ l ~ g ~ ~ T T ~ O ~ ~ ~ I \ ! C ~  

Q Q = V ( L L I  , ~ $ ) * A 
1 

R E T ! J R N  

E N D  

C O M M O ~ ! / C O f ? F / C C O s C C C 8 R C O g R C C  , c K O s C K C  
R E A D ( 5  W S S o N N h 1 , K A S E  
P P 5  F O Q M A T ( ~ X ~ )  
H( ? 4 ) = 1 e  

Q O = R ( i ) * A R F A * A 4 5 , 3 3 3 3 + R ~ i e o  

C A L L  R E F E P ( Q O , P I C s V V ~ Y Y ~P) 
v!RITF(AgR6) 

R A  	F Q R ~ A T ( Y B H I  T A B L E  O F  I h ! P U T  D 4 T A  A N D  G O V E R ~ I I M GP A R A M E T E R S / / / )  

D O  879 I=lp35 

R7 	! W ? I T F ( A ~ R R I I $ P ( I ) , I B ~ ( I )  
R8 	 F O P ~ ! A T ( / ~ X ~ ~ H F ! ( ~ ~ ~ P ~ H ) = ~ E ~ , ~ ~ ~ ~ I ~ . Y , ~ H ~ ~ ( , I ~ , ~ W ~ = B E ~ ~ ~ ~ ~  
CALL I h f $ C O h ! ( K A 9 E )  
2 2  	C A L L  O ( I V P I I T ( N S S ,  N N N  

C A L L  FVAL 

T I M F = T I Y E + P T  

n f T T = V I t l E @ P ( ? )  

I F V T T V  . G T .  T E I  R F T U F b !  

I F I H ( Z ~ ).FQ, n.0 .OR.  ~ c t 3 )OIF. G O  T n  495 

WWITFQAgY43)  D Y f T  

4 4 D  F o R M A T ( / / Y x ~ " ~ + + +  AT T I M E  = ' s F A s 3 ~ w  S E C o  R A 1 N B b L . L  STOP^ + 4 - + + + @ 1  
C A L L  IJPPD'Yf  1 1  

C A L L  ~ N ~ D Y ( I )  

N F C = N O \ I + I ~  I 

D O  I f 3  N S N F ' C , ~ ~ C  

1 0  	C A L L  I N T P T S ( N )  
CALL LfPQDY f 2 1 
C A L L  D k J R D Y  f N C 1  
I F M A S F  .Fn. 1 9  G o  TO 1 1  
CALL I I P R D Y  ( 3 1 
C A L L  U??DY(S) 
C A L L  J U N C ( 3 8 3 , q )  
C A L L  J I J N C ( 4 , 5  9 4 )  
1 %  D O  333 M = l o N C  

L A S T = L A S T b ! ( N 1  

D O  3 3 3  I=I,LAST 

Y ( I s h J , l l m Y ( I s N ~ 2 )  

3 3 4  V i i ~ N , l i = V i l , N ~ 2 )  
3 3 3  C O b I ~ I N l . J E  
END 
- --- --.---- I N E -REFER!-OIY ~~;~+I3DliX!----. ROUT.--
COMMON bPARAMBHd 2 5  1 ~ D T ~ s ~ ( ~ B ~ T ~ P ( ~ ) / x M B B x ~ ~ ~ ~ ~ c ) v ~ ~ I C ~ ~ C A S T N ~ Q B  
COMMON / C C E F / C CO  9CCCeRCOpRCC 7 CKOs CKC  /DDWOP/DN,DJ 
61=Q/SQRT(257~6~SZ(Nll 

A = 1 8 0 a * R l l l l  

3 -CALL GEaM($,LpApYp Wp " $ D - p 2 9 N l  -
. -
CZ=SQBaT I R  1
-----	 .-- - . - .  . -
C3-.: 2 1 P + k a h ~ 6 f ~ 2 . ~ ~ ~ ~ I ~ % f ~ < - l . 7 ~  
DER I=T*T*B/(T*f+2e*AI**2 

F I = A * t  3*22--C1 





30 	C ~ k & . G f O ~ ( 3 t L I , A a Y 9 R o f , D r l Z ! r N )  
DER  I=T*T*TB(T*T+2,kA 1**2  
Fl=A*R*R-C5 
F2=R*R+2e*A*P*DER% 
-- ----- SUBROUTINE GEQM f h S p  I ~ A ~ Y V Y R P T ~ C ~ N ~ N N B
..-..- -- - r i--. ----.-. .- - - - - - . . - .  - -C a M M o N  j P ARAM /H . i z Z ]  ) f3{(5) O D D T B S L 6 )p,VCP(4 j )BXW/DXpNQVpNC,LA$Ti"4 (6 )  
--- .------ --- --.
D-VV  
,-- .- .--.- ---- --,.----. .------.---
RETURN 
19 . T =TOP ( FIN ).L.E!>X . .- . . . ..- . . ----.. GO TO ( 3 3 ~ 3 1 ~ 2 1 ~ 3 2 1 t ~ ~ - - - 

3 1  R E T U R N  

" _ _ ._ ._ . . --_ - __  - - _ .  ._._ _ .  _.. ._ __ . _ _ . _ _ ___. ._ ._. . 
21 YV=A/ (T*CCNSI  

--- 
SUBROUTINE J U N C g N N y J J p P I
-- - ----. ----- ----.------- -- ---.- -.--.--- -- .- -.---- -.- ---. ---
D I V E N S I C K  FROUC431 

COPMQN V ( 2 L , 6 t 2 ) t Y ( 2 1 s 6 ~ 2 1  /BDROP/DNpDJ

COMMON / L / V C ~ Y L ~ E L ~ M L ~ ~ L / R ! V R ~ Y R B E R ~ M R ~ C $ B  

Q L =  V B L L O ~ ~ ~ H ~ * Y B L L O v l s b ~ + V ~ L L 8 ~ I ~ 2 ~ * Y ~ C L 8 ~ 1 ~ 2 ~  

....... .-- -.---- -------- -.-- --.--.----.- ----- ...... -.- ..... -- ....... . 





I F R O U f l ( N ) = V ( L N ( N L  l v N l 9 B l  /SQRT(Y4LN(NIB p N t r l b * H l s O B B ~ L e  

D A = Y ( b N ( N M 9 - 1 1 N N ~ 9 I l * H ~ l 2 1  





... -.. -.. --- .----- .-..,--.--.. - ... -- -- ..... --."- .-- ........ -, .-..-.---. . . . .  . -

CALL G H A R A & ( V (  b i \ l ( N h f ~ l o f i l N , 1 1~ O A ~ V ( ~ N I N N * ~ P N N ~ I ~ B ~ D ~ ~ M N B Q L ~I e r  1 e 9  
1 M L p Y L s E L v W h r C L )  . . -
C 8 2 = G C  
V C Z = V L + C L * Y & * H ( ~ ) * D T *  [ E C + C & *  H ~ P )-

IF(FWOUD(BI 1 1 0 y 2 0 ~ 3 8  

BO DA=VlLh(JJ)-f r J J y l ) * H ( 1 2 1 

.-.- --.- .----- -- . ----- ---, .. -- -- .----..-- -- .-- .... --.., ..... -- . "-- - . .  -
b-tj=~'(-L-k(J J )  ,JJ ,1l*H(12) 
B F 1 4 = R OU 0 ( 2 $ )  1% j - 3 0950  . 
l r  CALL C H P , ~ ~ C ( V ( C N ( J J ) ; ~ ~ J J ~ ~ ~ ~ ~ ~ ~ V ( L N ( J J ~ ~ J J ~ ~ ) ~ - ~ B ~ J J ~ B L ~l a p  l e v  
L V J P Y J ~ E J P B ~ ~ J Y C ? I -- . -

I F (  I N D E X  ,EP. 21  GO T O  32-

.. .-.-.. 
HF(FROUC(31 e G T ,  0,) GO TO 39
-.---.---...----- . ---.---- . --- -- ....





B B = Y ( l p M p h ) * H B E 2 1  

CALL t ~ d R i ; ( V i 2 ~ t i g l l  P , Q L ; - ~ . . ; - ~ . ~ V R ~ Y R ~E R r M R r t R ); b ~ ; ~ ( i r ~ ; ~ i - i r d ~ r  

B M z B O P 4  M 1 P R (  19) 

c l = ~ ~ + ~ ( j  - -)3;0f* [ E R - C R & ~ R~ - t R * $ f  
-- .- .-- BN=TOP 4 NN) 1 8 ( EL- - - . . - - - - . - - . . - - .------- + - - . - - - . - - . . - - - - . - - -
c ~ = v L + H ~ ~  IEL+CL*WL ~ + C L * Y LI*BT* 
~ N N ~ ~ N M ~ ~ ~ ~ Y ~ L N ~ N N ~ ~ ~ ~ N N ~ ~ B ~ V ~ C N ~ N N ~ ~ B O N N ~ ~ ~ ~ Y ~ L N ~ N N ~ ~ N N ~ ~ ~ ~ V ~ L N ~ N N 

--------- 7 ----- -- ----
2 b e N N ~ 2 ) 9 D X t N N g Q h )  

-==-,- a *r4.- = . a 
. G T & - ----- --- .-.- .------.- ---- - - -
30  CALL C H A R A C ( V ( L N ( N N I - ~ ~ N N I ~ ~  pP D A P V ~  1.L N ~ N ~ ~ ~ ~ \ ~ N ~ - ~ - F ~ O ~ ~ Q N - ~ ~ S ~ L ~ ~ ~ ~ ~ ~  
- --- ---- 
A ~ = T ~ P ~ J J ) * Y ( L N ( J J B P J J ~ ~ ~ ! R ~ ~ ~ I  
A3=TOB1M B*Y(I s M  r 2 1 8 B ( f 9 )  
V 9 P ~ Y 9 Z ) = B ~ L ~ V I L N ( N N l ~ N N ~ 2 l + A 2 * V ~ L N ~ J J l t J ~ ~ 2 l l / A 3  
RETURN 
SURWOUTINE P 4 S S 4 Y P  V P I
. - - - - - - .1 . 
 - . - - - ---. -. .- . 
----- -..-. - - ----.- --.-. *---
COMMON / ~ A R A M / H ( ~ ~ ) ~ B ( ~ ~ ~ V D T ~ S Z ~ ~ ~~ T C P ( ~ ) / X W / D X ~ ' O V ~ N C ~ L A S T N ( ~ ~ " - ' - - -




v P-0 01_- . - - . . - - - - - - - - - . . -. . . . . - . . - "----...-----.--_--.-.-, .. ----.--" .. 
GO TO 2 %  
, 75-.-	 VP=V..- -- L.+H-. (-7 )*LIT*---. (--E....-L+CL?)1&-. . Lycc*,!YP,:YL . , .. - , - . . , . . . . .. . . ., ...- .. . . .,. . . ..- .- --. - - . --	 ), --,- - . 
2 1  RETURN 
. - .. . ... 	 E..N.D.-.- . . - - . . .. -.. - - . 1 .- - .. -...- -. .. . .. . . -- .-. .- . 
- ---- 
SUBROUTINE PROF1 k ( YM r V N 9Q pNBD I M E ~ - S ~ B ~ ~ - > ~ E I T T ~ ~1 p ~ ( 2 1 p 6 g 2 )l V ( 2 1 r 6 p 2 )  --- - .- -- ----.. -- -.------- .-........................ 

-- --
SUBROUTINE EVAL . -
------..- ---- ---. ---
COMMON V t 2 1 o B 9 2 8  p V ( 2 1 a 6 ~ 2 )# S T U W / Q Q ~ T I W E I Q ~ L L I O O ~ R A  
. - .  llC! GH-*!if@-. .8YX-l .X!Z=GO-_1. . 
1 2 %  CONTINUE 
250 DT =H ( 2 5 8  
252- - 1 - . - -. .. - .-TN=(T IQWE+-Df !-zt-B_c? 

IF(PN-DURA) 1 5 8 1 4 9 1 3  

1 3  I F % M ( P O )  o N E m  0 e G l  R E T U R N  

DT=OUR4!H(3 8 - T I M E  

Ida 	 H ( Z O I = L *  
3.5 	 RETURN 

END - .  .- -

SUBRCIUT I N E  OUTPUT ( N S S  9NNN 1 
- COHYON  ~ ( 2 1 9 6 1 2  	 / S T O R / Q Q ~ T I H E ~ Q Q L L ~ P D U W A1 9 Y l Z 1 p 6 r  2 1  

COMMON / P A R A M / H ( ~ W  N C , L A S T N ( ~ I 
, ~ ~ ~ ~ j , ~ , n ~ , s z r ~ ~ , u c ~ ( e ? ~ / x r ~ l r , t n x , n t a v ,  
T Q  %M=TI MEAH ( 3 1 

IF((fDIM-RI17dlehT, B(1Rbf RETURN 

H P I T E g  6r7776 

7-97 F O R M A T  ( / / / / 2 X r  4 ~ H , k u s ~ x : + ~ - $ I ~ ~ % ~ A ~ ~ ~ ~ $ ' 3 8 x # ~ 4 i ~ ~ ~ 1 ~ ~ 8 5 ~ * ~ # % i . ~ * ' ~ ~ * ~ * * * ~ ~ ~ ~  
1,+6Gg NEW STEP r*** NEW S T ' E P  a:;** N E W  S T E P  */ZXr46H+***'**** 
z************#******%****k********A**%] 

44  	CALL G E O M d f  r h C f  r A L L r Y 4 k k 1 r N C ~ P l ~ R L k ~ T C k ~ O h t o B p N C B  






999 F O R Y & T ( " g 2 X p F 6 ~ 2 8 3 E 1 1 e 4 p f B o 4 p I X g 7 E 1 f ~ 4 1  

180 CONTINUE . 

NSS=B 
- .  GO PO -If- - ---- - -- .. - .-.- - - - - .  - -. - -- -- --.--* - .L i  	NSS=NSS+I 
11 	RETURN 

E N D  





I F l Y Y  , L E e  V M I N I  ,OR, V V  r k f e  801 GQ TC 1 6 2  






- .------- .,.------.----.. --.- --- --* --- ------ ------------ -. -- .------.-- . .- ---.-,---.A --.- - - .  
GC=CCC 
P O  	B a ~ N B S = V V * P * ~ ( 9 )  
R M = C C * 9 1 2 a ~ A L Q G l Q f 2 ~ * R * B 4 2 % b I i B Q 4 b 1 1I+Ih.e741**21 




RENOS RE.CR! GC T O  
-,.-
13 
. - . ---- 
. - .-.-.---.-- .?GS-d -------. ..." - -.- - - - ----. - - -.-- - .-.----- .-* .-------*.-..- .. - - - - - - --- -

161 f =  C C i R E N O S  

R E I - U R H  -. -




B I  11 j = G K O  

GO TO 10 

I_--_--. . - .--- __-.- - .--- --- -----.-.----~-.--.- - - .  - ---.---..---.-.-.- .-.-- --. --..- - " . C - . . * . .__- -. - -.-.--._ -___-._. 
1 8 2  F~99999, 
R E C R I = O - s Q  	 - -
RFSIOS=OeO 
R E f  lllRN 




_-_._^___,.- - - - .- "-.--.___--	 . . --...-- - -,---. --- -- ----.----- ------_l_-.- _-  __-----C_--




.-	 - - - --- - - - . .  . - .  - .-----A 

IF~RENOS.LT. R C ~ )G C  ~ O . i 6 1  

- . .- - ~ ~ w67,. 8 E C R I  1 ~ 34 - ~ ~ ~ ~ ~
t G Q T Q
F = O . ~ ~ ~ / S P R T ~ S Q R T ~ R E N ~ S I I 

RETURN
---.,-P ^ - -- --___ _-
-.- - I-1 _ - - _ -
14 	F=8,223/61 

.- PETV&Y - - . - - - - - -. .- - -	 - .. -.Efrb 
- .- .- . -. .- - - . - - . - - . 
-
- - 	 - - "  
- --
. " 	 - -
--_-
 - -_--__--._.--"-I.-- .- * - - - - - I-* -.-- I-- .--..--.-I_-- --.-
A 

- . . .--. -- - - - . - -	 . -
- - SUPROUTINE C Y A R A C ~ V B A ~ D A A ~ V B B ~ C B E ~ B N ~ Q L ~ S T T D S M ~ D V ~ P Y ~ ~ ~ ~ ~ C I
REAL * S  D T ' ~ C O N S - ~ - ~ C P - ; V V ~ H ~ ~ -r ~ ~ ~ ; V O ; ~ ~ p ~ A ; ~ d y ~ T q ~ ~ l- F S M P E D E P E D E ~  

I D F F p f  % v F 2 v E V E p E V E l  

CBMYON  B P A R A Y / H Q ~ S B ~ B Q ~ ~ ) ~ ~ ~ T T ~ S E ~ ~ P ~ V C P ~ ~ O # X W B O X ~ N C V ~ N C ~ L A S T ~ ~ ~ ~  
ACCll=,Q000001QO 
S T = S T T  

D T = D T T 

- - . 
..-
S Y = S M M  

O X % = c a X  

VR=VWW  
C=SQWT( f l E * H I 6 l * H [ % 2 1  I*Ht121 I C E  
RFTURN 
END ' 
COMMON / P A ~ A Y ( H ( Z S )  pA(25!tQTrSE(619TCP (b ) / XW /DX ,NOVyNCTLASTb l f 6 1  
COMMON / Y H I / Y H I N %  




IF ( Y  1 11N t  1 J - E ~  Y~ lNE - :OR , - Yli_r-N?-ZL, L_E-:-YF(INI!- -C-G-72-444 .. - .  -.
-- - ----*.--- -----------
I F ,LE. G O  i b  85~ N O ~ )  
ILO=Lb $%N,( 1-1 
QC= V(LLOrIrl ) * Y ( L C O ~ ~ , I - I + V ( ~ L O ~ L , Z ) * Y ( L L ~ ~ ~ ~ ~ I  
85 QP=QBASEg&O tQl 
CALL GEOH(l,ltP1 r Y i l t ~ t l 1P R P T ; D I I ; N I  
_ _  
CALL ~ ~ 0 ~ l l r 2 r d 2 '  
- - - - - - - - - - . - - - - - - - - . - - - . - - - . . - - - - - - -.- ---- - - - . - - - - -
pY(Z~Npl)rRgT,D,lpNl 

CALL G E O M ~ % , ~ ~ A ~ ~ ~ Y ( ~ , N ~ ~ ~ ~ R P T ~ D ~ B ~ Y N I  
- - - - 4.-8.a_~_rv~r -. .- - --_ - - - .- - - - .-- . - . - -33 5-,1-~4ro -- - . -0 0 0 0 0 0  
104 FORMAT ' ' P '  JUMP AT IU P S T R ~ A ~ '  
STOP 
----- -- - - ..---.-.--- --,--.- -----*--- .- --
886 ' Q FQXEST IZeGE a  0 e $  6 0  TO 82 
- cALL -_CRLSE t ( \ ! (  L-EN-?Z!Y-V_!?-YN~ZD -. - .  - -v O . ~ ~ S ~ ~ L ? r D Z Z r N 1 - .  

LFJ=2 
- - . f3'l3'0 $1-1 - - - -. . .- - - - .- - - . . -- --. - - - - - - . - ..- --- --
444 V ( l r N o 2 1 = Q e O  
-. . -.- ..- . ..
END
---.-.- - .-. - ..... --.- -- - .--.--- -- - - -. . .....-. . .- . .., . .- . . . . . .-. . - .  . - . .  . , , .  - - -
suRsouTrnNg-n~BovcN,  
C O M Y O N  U ( 2 l 9 _ b 9 Z ) p ~ ( 2 1 r 6 , ~ )  	 -/ S T C R > Q O , T ~ M E ~ Q ~ L C I ~ O U ~ P / Y M I _ I Y H I N I  

COMMON BPPARAYg lW(251pRt25 )pE )T r SE8 6 )vTOPg6)dXW/DX,NOV,NC,LASTN~61 

C O Y Y O N  / L / V L ~ Y h p E b r Y b ~ C L / R # V W ~ 8 1 R t s E R t k P ~ G W  





V = I _ A S T h i J l )  - - - .. - .  

K=!yil--% 
D X F = D X I  QNeM) 

HFBN S k E ,  NOV) GO TU BO 

L L O = b A S % N i1) 

Q C =  V I L L Q p l p f  ~ ~ Y ~ L L O ~ % ~ ~ ~ + V ~ L L O ~ ~ ~ ~ ~ * Y ~ L L O ~ I T Z ~  
10 	C O N S = ~ ( 4 ! . ~ H - Qi 2 !  

I F ~ Y( N , N , ~ ) . L E . Y ~ ~ R I- . O R . Y . ( K ~ N , ~ ' )  * ~ ' € . Y Y  I N I  8 GO TO 444 

Dbh=V4 M c N r  lB*Hf12) 





IF( T E S T A  1 9 9 9 9 8 9 6 9  996 

9 9 6  	C A L L ,  C H ~ R A C ( V ( K ~ N ~ Z ~ , ~ L ~ , V ( M I N ~ & ) , D C L ~ N , P L ~~ ~ P V L ~ Y L P E C I W L ~ C L I1.9 

CALL C H A R A C ( V I K ~ N ~ I ~ ~ D L A P V ~ M O N ~ I ~ I O L L ~ N ~ Q L I B ~ I? ~ I V K ~ Y R T E R ~ W R P C R ~  

CALL PASS(Y(YpN12)9 V ( H 1 N p 2 ) )  

GCI PO 3 2  . -

999 I F ( N  o E Q ,  NCD GO T C  5 
CALL C O N f V ~ Y ~ K ~ N p l ~ ~ V ~ # ~ N ~ ~ l p Y ~ M 1 N ~ l ~ p B B ~ M y N p 1 ~ ~ Y ~ K ~ N ~ 2 ~ v V ~ K ~ N p 2 ~ ~  
. P V f Y p & s 2 8~ V ( H I N ~ ~ ) ~ C - X ~ I \ ~ ~ Q ~ ]  . . -, -	 - - .  
X F ( Y (  M ~ N P ~ I ~ L E ~ Y N I N H. ~ R - ~ ~ ~ , N ~ ~ - ) . L T ~ o ~ )444G C  TO 








. . ' I F ~ A B S f ? E S P L l ~ O ~ ~ O O ~  .-- - -	 . .  . . . .. -
? 7 ~I F I ~ E S T L - i  l -7778_77!9778.-.-' i06- ; '77 ' j t - i jb  

776  .lBF(TESTeB) 773~B88~100 

773 D X X = D X E - O X  

CALL C R T % E C ( V I K ~ N O ~ I . ~ V ( M ~ I \ B ~ ~ )  X S p D L A p D L h p N I9 O X X p  
333 MRIfE(6rlOll N o X S  
.-- .-
101 E9834T ( / / t 8 ,  V p ? . FLPW NO=.' 9 - 1 2 9  ! 4 Z R I . T I C A L  SSCTIEN-_EXISTS A T  x=..l--.. 
l l p F 7 e 2 )  
G O  TO 100 

777 XS=DXE*B 4 2 1 

60 TO 3 3 3  

5 CALL C H A R A C ~ V ( K ~ ~ ~ I )  	 l e t ~ . ~ V L ~ Y L I E L ~ W L Y C L )~ O L ~ O V ~ M ~ N ~ ~ ~ ~ O C L P ~ ~ O L ~  

GO 	TO 32 
444 	V f M 9 v 9 2 ) = 8 e  

Y i M y N r 2 ) = Y M I N I  






- - -  
- - -  
- - - 
_____ 
SUBROUT1 N E  CONTY ( Y C ~~ V L A ~ Y L ~ ~ V ~ L V Y L A ~ P ~ ~ ~ ~ P ~ ~ ~ ~ P ~ . L C Z - ~ D X , N I P S L-,.---
___ 
_ ______._"_-_ _---.. __-- - -_- ---_.---. - . . - _--
COMMON I P A R A M I H ( 2 5 D ~ B ( 2 5 ) s D T p S Z t B 6 I p T C P ~ 6 t a ~ S T O R ! Q Q ~ T I M E ~ Q ~ L L I ~ ~ U ~ A  
A 2  = 4 V L A s V  LL+VLA2 8/36 
C A L L  C E O ~ ~ ~ ~ L L ~ A L L ~ Y L L ~ R L L ~ T L ~ O D B L ~ ~ ~ ~ ~  
c ~ ~ L L G E o M ( ~ ~ ~ A ~ & L A ~ Y C A ~ R L & ~ ~ L A ~ P ~ ~ ~ ~ ~ N ~- . -
. -
CALL G E O M ( l r L A V ~ b ~ Z p ~ ~ ~ ~ o ~ b A 2 ~ ~ ~ A 2 ~ D k ~ 2 p 1 ~ ~ I 

A ~ = ! H { ~ ) * ~ D C C + D L A + D ~ , A ~ !  -
__- - - - - - - - 

B!l3**Wf 151 1 
. _ _-
_ _ _ _ C _ _ _ _ _ _ _ _ _ _ _ . _  -.__ _ _ _ _ _  -__- ..- -,-.----- .- . -
---__I.. 
TS=CTLL+TLA+TLA2 113, 
C 1 = H ( 7 ) + ( ~ 1 2 i * ~ ( ~ ) * ~ [ 5 b * * 2 i ~ ~ ( $ ~ * 4 3 2 0 0 ~ 
- - - - - - + ~ ~ ~ o ~ ~ Q S ! ~ H ~ ~ ~ I ~ B ~ ~ ~ I * T S ~  
1) 
" V 3A A P = B X * A 2 * g T  
SUBROUTINE tRISEC(VArVR,RLpXSvCArDBpNl _ _ _ _ 

COMMON- /PARAN/H( )I-XW/DX~NOV~
2519 84251 g D T g S Z ( 5 )  ~ T C P ( ~  N C ~ C A S T N ~ ~ )  
....................

--- --- . --. CONI=_H!-*J*H(tZ! . . . . . . - . . . . .  -.. ...____._. . . . . . .  

BXS=DX82  e -

.... 12 V Ef=~OXS?-!!-~?A-T.VALIDX l+V4 .. ---- ..... -- ......... -- ....... .. -- . ... 

- DE%( DXS*B DR-DA B/DX !+DA 
- CALL  G E t H ( 4 ~ L 1 A E g Y E p R E ~ T E 9 0 E ~ 1 9 N l  -.- -
-
--













C O M V O N  / C Q E $ / C C ~ p C C C ~ R C O ~ R C C ~ C K O ~ C # C / C p B B B L ~ Y t ~ E k ~ W L r C k  
8 [ 1 1  ) = C K C  
C3=2a*8(2P)/B4lP 1 

S Q F O = S Q R T ~ 8 ~ 5 J l 

ca=s!r z . ~ / a ( z l ~  	 - -




Y P = Y C  
I 	D E N Q = T O P Q N C ) + 2 t * Y P * B t201  

R P  = C A * Y P / O E N O  

R2=Cb*TOP !.vC! P ~ Q ~ ~ c I . * D E N O ?  

S Q R = S Q R T (  RP 1 

C2=hLQGLO4C3*WPl+8,87 
F1=2 a * S Q F G + S Q R * C 2 + C L * Y  BeCL 
f 2 = C L + S Q F O * ~ Q C + O O ~ 6 8 5 5 c 3 * R 2 B $ Q M  
Y N f W = Y P - F l / f 2  
I F ( P . R S ( Y P - Y N E W )  e L E a  0e0000L sap. 5 e G T e  15) .G O-. TO ? 
VP=VNEW 
K = K 9 1  
GO TO 1 
3 	 V P = - C t " Y P + C  L 
RE=VP*RP ' *R8  13 b 
RC= $ . CG 5 4 .  +C 2%C-2!. -.- .-... - - , .. . - - .- -.- - -. 
IFf4E e G E o  R C I  RETURN 
C 2 = R g  %3)*R(8l/CCC 
K = 0  
5 	 DENO=TQPINC)+2,*VP*W~201 
R P = C A * V P / D E N O  
R 2=CP.*TOP Q-NCl/ (I)_Efic*D€I\ 'O ! - . *.---. - - - - - - .  




YNfW=VP-F lbF2  
- IF(ABS(YP-YNEWI .LE. 0.00001 .OR. K '.GT, 151 -GO TO 7 
YP=YNEW 
- -
K = p %  
- . - - - - --.-- . . 	 - - - . *- - - - - - --- -- - - . ..-




--- --. THE-	Comu--- P*OG 

KINEMATIC WAVE MODEL 

Subrout ines  -- -
1. RESULT 	 - p r i n t  o u t  r e s u l t s  
2 .  NORMY - c a l c u l a t e  normal depth when Q i s  
3. CENTRL 	 - c a l c u l a t e  depths and v e l o c i t i e s  a t  c e n t r a l  -5': 
s t a t i o n s .  

4, REGIME - d e t e  e regime of flow , 

Variables  
YY( 1 = normal depth f o r  each flow 

= depth of flow 

fJ7PRrJ-~-if,iiiPm-~- = parameters i o r  p r i n t o u t  c o n t r o l  

ADT 	 = s p e c i f i e d  maximum A t  
-
= g r a v i t a t i o n a l  a c c e l e r a t i o n  
VISC - = kinematic v i s c o s i t y  -
ed accuracy f o r  t h e  Newton-Ralphson 
RCR 	 = computed c r i t i c a l  Reynolds no. 
= 	 index of flow regime, = 1 laminar,  = 2 ,  3 u r -
bu len t  on smooth s u r f a c e ,  = 3, t u r b u l e n t  on 
rough s u r f  ace 
K S I G  = s i g n a l  used t o  i n d i c a t e  r a i n f a l l  is present 
or no t  
= parameters used i n  p r i n t o u t  control 
= maximum hydrograph base t i m e  
= i n i t i a l -  dep th  
D I M E N S I O N  y Y ( b )  
cdMHON ~ ( ~ ~ ~ ~ ) / P A R ~ M / ~ Z ( ~ ) P T ~ ~ ~ ~ ~ B ~ ~ * ~ ~ R I N ' $ ~ T P R E V ~ A D T ~ G ~ ~ ~ S C ~ A ~ ~ U  
C O M H O N  / ~ T Q R / Q ( ~ ) P P I M E $ R A I N B ~ U , R A B K A S E ~ X W ~ O X ~ N Q V ~ N ~ ~ L ~ ( ~ I  
C O M M O N  I c O E F / C C ~ ~ C C C B R C O ~ R C C O C K B ) I C K C ~ Q B A ! Q B A S E ~ & ~  




102 F O R M A T ( ~ ~ B B . Q ~  

. 1 K A S E ~ H O V P N C ~ L N ~ K S I G ~ K O ~ H T ~ K U M 
W E A ~ ~ S ~ % ~ ~ ~ E N D ~ ~ ~ ~ )  

R E A D ( 5 9 1 0 2 )  Sf,fOP 

R E A D ( 5 t 1 1 0 2 )  T P R I N T s T P R E V ~ R D T - ~ C B V I S C ~ A C C U ~ Q B A S E  
WEAb(5slO29 R A ~ N ~ B U ~ A ~ ~ M A X ~ Y ~ ~ D X W D ~ ~ C C ~ ~ C C C ~ R C O ~ R C  

C I N I T I A L  C O N D I T I O N  
L L m L N t I B 
D O  2 ) I m l  rLL -
2 	 Y ~ ~ t l l l = Y ~  _I- -





DO 3 N s N P C 9 N C  

CALL  N O W M Y ~ Q R A S E Q N O ~ N ~ Y Y ~ N I I  

L'L'SLNd N P 

D O  3 f s l r L L  - -

Y ( I B N B = Y Y ( N )  

3 C O N T I N U E  

G O  	 7'63 9 
7 	 L L s L N d N C )  
D O  8 IstoLL 

8 Y ( I ~ N C I & Y ~  

9 T % M E ~ Y I @ ~ ~ z O ~ * / R A I N  

D T a T IME 

Q ( M C ) = Q B A S E ~ N C I  

16 T F ~ Q T I H E - V P W E M P .LV@ V P R P N T 9 . G O  TO 1 1  

CALL R E S U L T ( # B U N T B # U M )  

8 1  CALL R E G ~ M E ( Y ( ~ ~ N C ~ ~ M C ~  

D T 1 0 + 7 5 a D # / I ~ + C )  

I F ( D T  . C f a  A D T I  D T r A D f  

I F Q T I M E + ~ V - ~ U R A O1 5 t L q t 8 3  

' 1 3  I F (O ( S I 6  @ N E e  01 G O  TO 15 - -





1 q  K S I G r B  -= -:- ? -- --

W R I f f ( b t + q q b  T I M E  

Y q O  B B W M A T ( / P q y * @ + + + + +  A T  T I M E  r B 9 F 8 0 3 v '  S E t O  R A I N F A L L  S T O P S  + + + + + g )  ' 

R A I N m O *  -

cc0=9qep 




RCCa511 r 9  
15 	T I M K = T I M E + n T  

l B 4 V I M E  e G E c  T M A X B  G O  T O  8 





D O  	 2 0  N s M P C * N C  
26 CALL CENTWL P N )  

I F Q K A S E  c E ~ s1 1  CQ T O  10 

CALL N O R M Y  ( Q B A s E ~ ~ ~ + Q ( ~ ) ~ ~ B Y ( B B ~ I ~  

CALL N O W M Y  ( Q B A S E Q ~ ) + Q ~ ~ ! B ~ , V ( I B ~ ~ I ~  

CALL N O R M Y  ( Q B A S E ( ~ ! + Q ~ ~ I ~ S ~ Y ~ ~ O ~ I I  

C A L L  N O R H Y  ( ~ ( 2 ) + Q B 3 ) e q s Y [ l e q ) )  

CALL N O R M Y  ( Q B ~ $ + Q ( ~ I , ~ ~ Y ( ~ ~ ~ B B  

60 TO 10 

8 8 9 S T Q B  
END 
SUBWOtJT % N E  R E S U L T ( K Q U N T ~ K u M )  

C O M M O N  V ( ~ P ~ ~ ) / $ A R A M / S Z ( ~ ~ B T O P ~ ~ ~ ~ D ~ O T P R I N T ~ T P R E ~ ~ ~ ~ T ~ ~ ~ V ~ ~ ~ P ~ ~ ~ ~  

C O M M O N  P S T n R / Q ( 6 ) 9 T ~ M E t R A Y N ~ D U R ~ ~ 0 ( ~ ~ E / ~ ~ / D > ( ~ ~ O V ~ ~ C @ ~ N ( 6 ~  

C O M M O N  / L F P B y  P C  B F ~ W E P R C R ~ I M D  

101 F 0 R M A T ( / 2 X B V W % TIME"'oF7e2,@ ~ $ 5 ~ )S E C ' , Y X , @ D I S C ~ ~ I F ~ ~ B '  

7 7 7  ~ ~ ~ ~ ~ ~ ( / / / / ~ ~ 9 ~ ~ ~ @ @ @ ~ @ @ @ I o $ ~ ~ ~ $ t ~ @ c P ~ @ ~ @ Q @ 8 ~ ~ @ ~ @ @ ~ @ @ @ @ * @ @ * ~ @ @ ~ @ ~ @ @ / ~ ~  
I r q B H *  NEW S T E P  @ @ @ +  NEW S T E P  a @ @ *  NEW S T E P  * / Z X B ~ ~ H ~ * * @ @ * ~ @ @  
906 C O N T I N U E  

R E T U R N  
END 
S U B R O U T I N E  H O R M Y Q Q B N ~ Y I  

COMMON  B $ A W A M B S Z ( ~ $ ~ T D P [ B ~ ~ ~ ~ ~ T P R I N T ~ T P R E M I A D T ~ G ~ V ~ S ~ ~ ~ C ~ ~  

C O M M O N  B C O E F / C C O ~ C C C B R C O , R C C D C K O B C K ~  

K o u N T = l  

Y = B / T O P ( N )  
C S ~ ~ ~ ~ ~ ~ B @ $ Z ( N ) P ~ B ~ ~ ~ ~ @ S Q R T ~ ~ Q R ~ ~ V ! S C ~ ~ ) ~ ~ ~ Q ~ ~ ~ ~ ~ ~  
W ~ T O P ( N ~ ~ Y / ~ T O Q ( N ) + ~ ~ @ Y I  
V S ~ ~ ~ ~ ~ ~ S E ( N O . R @ R / ( C C C @ V I S C B  
C ~ ~ , @ V @ W / Y  
F Y ~ T O P ~ N ) * Y @ V - Q  
B Y P = T O $ ( N ) @ B c + V B  

Y M B Y - F Y I P V P  
I P ~ A B S ( V W - V )  * L E a  A C C U I  Cb T O  3 .  
Y=YN 
K O U N T = K O U N T + I  
I F ~ K O U N V e t T ,  1 5 1  60 T Q  5 0  
G O  T O  2 
R E = V @ R / V I S C  
BBBRE e L E c  WCCI R E T U R N  
K O U M T a l  
R ~ T O P ( N ~ @ Y / ( T O $ B N B + ~ O @ Y B  
V =CS+R+@0,7%43 
C ~ O , P ~ ~ J @ W @ R B Y  
F Y S ~ B P Q N ) @ Y @ V = Q  
F Y B a T O P t N B @ ( c + V I  
Y N s Y - F y P F Y P  
I F ~ A B S ( Y N I Y )  e b E e  A C C U l  60 TO 5 
Y = Y N  
K O U N T = K O U N T + l  
1 F 4 K B U N T  r C T e  1 % )  G O  TO 50 
GO  a s  r 
RE=V@R/VISc 
R C 2  ~ E X P i 4 ~ r A L 8 C 4 0 a 2 2 3 @ ~ i P e ~ 8 8 - 8 f f o g 2 ~ ~ ~ / C K CI + l e 7 q 8 + @ 2 ! 1 1  
I F B R E  sLEg R C 2 )  R E T U R N  -a 

~ ~ T O ~ ~ N I ~ ~ 
S U B R O U T I N E  C E N T R L ~ N )  

CQHHON Y B ~ ~ ~ B ~ B ~ ~ ~ B ~ B S ~ ~ ~ ~ ~ T O P ~ ~ I ~ ~ D T ~ B ~ R ~ N ~ ~ T ~ R E V ~ A D T ~ G ~ ~ ~ S C ~ ~ C C W  

C OM Y O N  / C O E P / C C O P C C ~ ~ R C O ~ R C C ~ C K O ~ C K ~ ~ Q B A ! Q B A S E ~ & ~  

COMMON ~ S T O R P Q ( B ) ~ T ~ M E ~ R A ~ M ~ D U R ~ ~ K A S E ~ X W / D X ~ N O V B ~ C ~ L N ~ ~ ~  

C O M M O N  B L F T / v L , C L B F , R E , R C R , I N D  
I F 4 N  e t T a  M O y b  G O  T O  10 
c c = c c o  
R C = R c O  
K O U N T =  B 
D Y S Y I W - Y A  
I F W Y  SLE. A C C U )  G O  T O  15 
Y % = O , S l d Y B + Y A  1 
2 CALL R & G H M E ( Y L D N )  
C Q  T O  2 

5 C L P = O ~ ~ ~ Y ~ ~ R L + ( ~ ~ ~ ~ C L - V L ) ~ I Y L @ Y ~ I  

66 P O  LB 

7 C 1 " 5 Q R T f 2 5 7 e b @ R L Q S Z ( N ) )  

C k P ~ R k @ R ~ + ( 0 , 7 5 @ V b + B e 7 3 7 2 @ C f I r i ~ ~ * @ ~ = C L i ~ L  

G O  TO bi 

5Q W R I f E t 6 e l B 1 )  N 

101 $ O H M A T ( / 2 X 9 " N 0  CONVERGENCE AT FkON NO @ ,  T5) 
S T O P  
15 YL="fB 
2~ ~ ~ H ~ ~ ~ P Y ~ + ~ T ~ ~ ~ A % N B ~ ~ ~ O O ~ ~ ~ ~ ~ Q 
. ' Q A = Y B  
I F I T I M E  ,LEI DUWW @ A N D ,  Y Q I B N I  . L T s  Y A )  y ( l p M ) s Y A  
I B d Y ( l s N )  @ b T e  Y ( I - l r N l ) Y ( I , N l ~ Y Q I m l ~ N )  
I F 4 1  e N E s  L L )  G O  7'0 9 9 9  
CALL R E G I M E ( Y ( ~ , N ) ~ N )  
Q f N ) = V L @ Y 4 1 s N ) @ T o $ ( N )  
9 9 9  	C O N T I N U E  
RETURN 
END 


